County Storm Drainage Manual 1981 by Burke, Christopher B.
IGHWAY COUNTY 
r STORM DRAINAGE 
XTENSION 
r MANUAL AND 
ESEARCH 
Christopher B. Burke 
Research Engineer 
FOR (May 1981] 
...... 
-
PURDUE UNIVERSITY- ENGINEERING EXPERIMENT STATION 
in cooperation with 
THE COUNTY COMMISSIONERS OF INDIANA 
HIGHWAY EXTENSION AND RESEARCH PROJECT 
FOR INDIANA COUNTIES 
The Highway Extension and Research Project for Indiana Counties (HERPIC) 
was organized at Purdue in 1959 to implement legislation by the Indiana General 
Assembly authorizing programs of extension and research for county highway 
departments throughout the state. 
The financial support for these programs of extension and research is 
derived from 1/8 of 1% of the funds made available to the 92 counties from 
gas taxes and license fees collected by the State of Indiana. The legislation 
by the General Assembly also designated Purdue University through its Engineer-
ing Experiment Station and School of Civil Engineering to develop and coordinate 
these programs. 
The HERPIC program of extension and research provides for the preparation 
of manuals and bulletins setting forth recommended procedures and for regional 
workshop conferences with county road officials throughout the state to review 
typical road problems for their area. All of these activities are designed to 
assist and guide county highway officials in their problems of management, 
planning, design, and operation of county highway departments. 
The HERPIC project operates as a cooperative effort between ~he county 
commissioners of Indiana and Purdue University. The program of extension and 
research is guided and approved by a 12-man advisory board, consisting of six 
county commissioners from over the state and six members from the staff of 
Purdue's School of Civil Engineering. The current membership of the HERPIC 
Advisory Board is listed below. 
HERPIC Advisory Board 
July 1979 - June 1981 
Gene Beck, Putnam County Commissioner, Chairman 
Paul Anders, Whitley County Commissioner, Member 
W. H. Goetz, Purdue Pniversity, Member 
M. A. Groves, Bartholomew County Commissioner, Member 
M. J. Gutzwiller, Purdue University, Member 
J. L. Haskins, Daviess County Conunissioner, Member 
M. H. Houck, Purdue University, Member 
H. L. Michael, Purdue University, Member 
C. F. Scholer, Purdue University, Member 
W. A. Schulenburg, Tipton County Commissioner, Member 
N. A. Spann, Lake County Commissioner, Member 
E. J. Yoder, Purdue University, Member 
Jean E. Hittle, 
Purdue University 
Secretary to the Board 
IGHWAY COUNTY 





Christopher B. Burke r 
Research Engineer 
FOR (May 1981) 
r 
PURDUE UNIVERSITY-ENGINEERING EXPERIMENT STATION 
in cooperation with 
THE COUNTY COMMISSIONERS OF INDIANA 
HIGHWAY EXTENSION AND RESEARCH PROJECT 
FOR INDIANA COUNTIES 
The Highway Extension and Research Project for Indiana Counties (HERPIC) 
was organized at Purdue in 1959 to implement legislation by the Indiana General 
Assembly authorizing programs of extension and research for county highway 
departments throughout the state. 
The financial support for these programs of extension and research is 
derived from 1/8 of l\ of the funds made available to the 92 counties from 
gas taxes and license fees collected by the State of Indiana. The legislation 
by the General Assembly also designated Purdue University through its Engineer-
ing Experiment Station and School of Civil Engineering to develop and coordinate 
these programs. 
The HERPIC program of extension and research provides for the preparation 
of manuals and bulletins setting forth reconunended procedures and for regional 
workshop conferences with county road officials throughout the state to review 
typical road problems for their area. All of these activities are designed to 
assist and guide county highway officials in their problems of management, 
planning, design, and operation of county highway departments. 
The HERPIC project operates as a cooperative effort between the county 
commissioners of Indiana and Purdue University. The program of extension and 
research is guided and approved by a 12-man advisory board, consisting of six 
county commissioners from over the state and six members from the staff of 
Purdue's School of Civil Engineering. The current membership of the HERPIC 
Advisory Board is listed below. 
HERPIC Advisory Board 
July 1979 - June 1981 
Gene Beck, Putnam County Conunissioner, Chairman 
Paul Anders, Whitley County Commissioner, Member 
W. H. Goetz, Purdue Pniversity, Member 
M. A. Groves, Bartholomew County Commissioner, Member 
M. J. Gutzwiller, Purdue University, Member 
J. L. Haskins, Daviess County Commissioner, Member 
M. H. Houck, Purdue University, Member 
H. L. Michael, Purdue University, Member 
C. F. Scholer, Purdue University, Member 
W. A. Schulenburg, Tipton County Conunissioner, Member 
N. A. Spann, Lake County Conunissioner, Member 
E. J. Yoder, Purdue University, Member 
Jean E. Hittle, 
Purdue University 
Secr e tary t o the Board 
H E R P I C 
r COUNTY STORM DRAINAGE MANUAL 
r 
Chapter l - INTRODUCTION -
Chapter 2 - RAINFALL 
Chapter 3 - RUNOFF AND ITS ESTIMATION 
Chapter 4 - OPEN CHANNELS 
,...... 
Chapter 5 - FLOW IN GUTTERS ANO INLETS 
Chapter 6 - STORM WATER STORAGE 
r 
Chapter 7 - STORM SEWER SYSTEM DESIGN 
r 
r Ap.pendix A - STATISTICAL ANALYSIS 
r Appendix B - FUNDAMENTALS OF HYDRAULICS 
r 
Appendix C - REGULATORY AGENCIES FOR DRAINAGE PROJECTS 
PURDUE UNIVERSITY 
ENGINEERING EXPERIMENT STATION 
LAFAYETTE. INDIANA 47907 
ADDRESS REPL.Y TO-
HIGHWAY EXTENSION ANO RESEARCH PROJECT 
FOR INDIANA COUNTIES 
CIVIL. ENGINEERING BUil.DiNG 
To: Manual Readers and Users 
From: Jean E. Hittle - HERPIC 
Subject: HERPIC County Storm Drainage Manual 
Credits and Acknowledgments 
HERPIC was indeed fortunate to have the talent and dedication of 
Mr. Chris Burke available to pursue the subject of "storm drainage". 
Chris, now completing his doctor's degree in the School of Civil 
Engineering at Purdue, has produced an excellent treatise on drainage 
criteria and their application to the design of drainage works and 
facilities. The manual will serve, in a very positive way, the needs 
of all engineers (county, city, state, federal) in the analysis of 
drainage needs to protect property against damage and to assure the 
delivery of public services. 
The initial HERPIC effort to develop such a manual was undertaken, 
some years back, by Mr. Phillip Dick, graduate student, and later by 
Professor John Spooner. HERPIC therefore recognizes their endeavors 
and contributions to the initial manual effort. 
Using the limited work of Mr. Dick and Professor Spooner as a starting 
point, Chris Burke expanded the scope of the manual, developed a 
detailed outline and format, and provided a series of example problems 
that illustrate the application of drainage criteria and analysis. The 
finished product is the "HERPIC County Storm Drainage Manual'', which is 
indeed an outstanding contribution to Purdue University's HERPIC program 
of extension and research to county highways. 
Special credit and acknowledgment is also due Dr. Donald Gray, Professor 
of Hydromechanics, School of Civil Engineering, for his review, comments 
and suggesions on the manuscript for the Manual. Likewise, a special 
note of thanks and appreciation to Mrs. Frank (Norma) Gray, of the HERPIC 
staff, for her excellent typing service and untiring patience to producing 






COUNTY STORM DRAINAGE MANUAL 
Chapter 1 
INTRODUCTION 
Additional copies of the Manual may be purchased 
for Ten Dollars ($10.00) per copy. 
Address purchase request (with enclosed check) to: 
Highway Extension and Research Project 
for Indiana Counties (HERPIC) 
Civil Engineering Building 
Purdue University 
West Lafayette, IN 47907 
Make checks payable to: PURDUE UNIVERSITY 
HERP I C 
C~UNTY STORM DRAINAGE MANUAL 
Chapter 1 
INTRODUCTION 
Additional copies of the Manual may be purchased 
for Ten Dollars ($10.00) per copy. 
Address purchase request (with enclosed check) to: 
Highway Extension and Research Project 
for Indiana Counties (HERPIC) 
Civil Engineering Building 
Purdue University 
West Lafayette, IN 4 7907 






Chapter 1 - INTRODUCTION 
Indiana, like many parts of the country, is experiencing a rapid change 
in the character of its land use. Areas which were once predominantly rural 
are now being developed for urban or suburban use. The consequence of 
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covering once pervious soils with concrete, asphalt and buildings is a decrease 
in the rainfall quantity which may infiltrate and a subsequent increase in the 
runoff volume. In addition, components of the drainage system such as sewers, 
gutters and streets, convey this increased volume to the point of disposal much 
quicker than in the rural condition. The result of this "urbanization" is a 
significant increase in the volume of stormwater and a conveyance rate higher 
than that experienced in the undeveloped rural state. 
Engineers, surveyors or others involved with storm drainage design are 
faced with the task of designing drainage systems that are economical and at 
the same time provide adequate protection to minimize the loss of property or 
life. This manual has been compiled to provide the designer with resource 
materials which will help in meeting this challenge. 
The information presented in this manual is not necessarily original or 
unique. It is a comprehensive catalog of procedures, design methods and 
criteria, and general background information which will enable the designer 
to quickly learn or review the basic principles and applications of storm 
drainage design. This information is currently dispersed in many other texts 
and manuals and is not readily available as a single source. 
The manual presents seven chapters along with three appendices. Each 
chapter develops an introduction and background information about the subject(s) 
discussed. Following the introduction is a presentation of the appropriate 
equations, graphs, charts or tables for the methods which are employed in 
drainage design. Each chapter includes example problems which illustrate the 
application of the material presented. References at the end of the chapter 
provide the reader with additional sources of information. 
Chapter 2 presents the precipitation and hydrologic cycle which is the 
starting point of any drainage design. The processes involved in the forma-
tion of rainfall are presented, along with a discussion of the temporal and 
areal distribution of rainfall. A discussion of the collection and analysis 
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of precipitation follows, along with depth and intensity-duration-frequency 
curves for the state of Indiana. The chapter concludes with example problems 
illustrating the development of an intensity-duration-curve, using both a 
rainfall atlas and actual data. The final example illustrates the procedure 
for developing temporal storm distributions. Blank plotting forms for use in 
statistical analysis are also included. 
Chapter 3 presents the phenomenon of runoff and its estimation, which is 
the most important aspect of drainage design. The various components which 
affect runoff are presented along with four methods for estimating the amount 
of runoff from a rainfall event. The first method is the popular "rational 
method" which computes a peak runoff rate only. The second procedure outlined 
is the Soil Conservation Curve Number Method which computes a volume of runoff. 
The third procedure outlined is the use of hydrographs. This includes unit 
hydrographs, dimensionless unit hydrographs and storm hydrographs. The last 
method presented is the statistical analysis of peak discharges, ·which is very 
similar to the techniques used in analyzing rainfall data. Example problems 
illustrate applications of the rational method, curve number method and the 
dimensionless unit hydrograph. 
Since open channels are the primary conveyances employed in storm drainage 
design, they are discussed in Chapter 4. The chapter presents a discussion of 
channel geometry, flow classification and applications of the energy equation. 
Next, the appropriate equations for computing uniform flow, specific energy, 
critical flow and flow in a floodway are presented. Design criteria used in 
the selection of location, channel cross-section, roughness coefficients and 
lining are then given. The text portion of the chapter concludes with the 
analysis of gradually-varied flow and its application to backwater curves. The 
example problems illustrate most of the methods presented. 
Regardless of a drainage systems' capacity, it must have inlets which will 
allow the stormwater into the system. Chapter 5 discusses the methods used for 
sizing inlets and gutters. The chapter begins with a discussion of flow in 
gutters and methods used in properly estimating gutter capacity. The estimation 
of inlet capacity for gutter, curb and combined inlets for continuous grades and 
sump conditions is presented. The text portion of the chapter concludes with 







method. Example problems illustrate methods used in computing flow in 
gutters, gutter inlets and curb inlets for both a continuous grade and 
sump condition. The last example problem illustrates the spacing of a 
gutter inlet using the rational method. 
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One element of drainage design which has received considerable attention 
in recent years is stormwater storage; this topic is presented in Chapter 6. 
The chapter starts with a discussion of all the types of storage facilities 
which may be employed and follows with a discussion of three methods (outlined 
in Chapter 3) which can be used to compute the volume of storage needed: the 
rational method, SCS Curve Number Method and hydrograph methods. The text 
portion of the chapter designates the criteria used in designing retention 
and detention ponds, and parking lot, rooftop and infiltration facilities. 
A discussion of devices used for regulating outflow is also presented. Example 
problems present applications of the rational method, curve number method and 
hydrograph method. The last problem illustrates methods for sizing a multi-
component facility site. 
The design of a storm sewer system is presented in Chapter 7, using 
the methods and procedures presented in all the previous chapters (2 - 6). 
A general introduction is followed by a discussion of the methods used in 
the sizing of storm sewers, including the rational method and a computer 
program method. A brief introduction to the hydraulics of culverts is 
presented, along with design criteria for designing storm sewer systems. 
The chapter concludes with a presentation of the types of pipe material 
which may be used for storm sewers. Example problems illustrate the 
application of the rational method to a hypothetical drainage basin and 
to an actual subdivision. 
The manual concludes with three appendices. Appendices A and B present 
background material for statistical analysis and the fundamentals of hydraulics. 
Appendix C outlines regulatory agencies and governmental bodies which may have 
jurisdiction over drainage projects. 
The basics of statistical analysis included in Appendix A, consists of 
the general concepts of the mean, standard deviation and probability. The 
Gumbel and Log-Pearson Type III distributions are presented, along with an 
example showing the various aspects of the material presented. 
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The fundamentals of hydraulics in Appendix B presents a general review 
of hydraulic principles needed by the drainage engineer. This includes the 
law of conservation of mass, continuity equation, and the concepts of 
pressure and energy. A discussion of pipes flowing under pressure is 
presented, along with the Darcy-Weisbach and Hazen-Williams equations and 
a discussion of minor losses and flow in series and parallel pipe networks. 
A summary of some of the elements of open channel flow (Chapter 4) concludes 
Appendix B. 
Appendix C completes the manual with a list of regulatory agencies 
which may have jurisdiction over drainage projects. A discussion of the 
local, state, and Federal organizations from which the designer may need to 


























Chapter 2 - RAINFALL 
INTRODUCTION • . 






I(c) Time Distribution of Rainfall 
I(d) Areal Distribution of Rainfall 
. . . 2-5 
•. 2-10 
II - COLLECTION AND ANALYSIS OF PRECIPITATION DATA. • • 2-11 
II(a) Precipitation Measurement and Interpretation • 
II(b) Statistical Analysis of Rainfall Data. 
II(c) Depth and Intensity-Duration-Frequency Curves. 
III - EXAMPLE PROBLEMS • 
III(a) Example Problem #1 
III(b) Example Problem #2 • 
III(c) Example Problem #3 . 
Blank Plotting Forms • . 



















Chapter ~ - RAINFALL 
I - INTRODUCTION 
In the design of a drainage system, rainfall provides the input to 
deterministic methods or models. This input may be from statistical analy-
sis or from an actual event. This chapter discusses the basic aspects of 
the hydrologic cycle and the precipitation process and how this phenomenon 
varies in space and time. A discussion of the collection of rainfall data 
and the statistical analysis of this data is included. Examples at the end 
of the chapter demonstrate techniques used in the analysis of rainfall data. 
I(a) Hydrologic Cycle* 
Precipitation is just a sub-cycle of the hydrologic cycle, but it is 
the one that is most apparent to everyone. This system is simply demon-
strated in Figure 2-1. 
Precipitation 
111111 
I t \ 
Evaporation 
from land and w•ter SUtfaees 
/ I t \ \ 
Runoff or stream f!ow 
• Sutface runoff and &rO<lfld ·water runoff 
Figure 2.1 The Water Cycle (Fair, et.al., 1971) 
It is helpful in studying Figure 2.1 to separate the cycle into two 
components: the physical system through which the water passes, and the 
dynamic system by which the water movement occurs. The physical system is 
composed of the three different conditions or forms in which water can exist. 
*This general discussion is derived from the following references: 
Viessman, et.al., 1977, Eagleson, 1970; Linsley, et.al, 1975. 
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These are simply solid or snow or ice form; · 1~quid or rain form; and gas 
or water vapor form. The dynamic system constitutes the energy required for 
the movement of the physical states in and through their different forms. An 
example of this would be the dynamic process of vapor formation and transport 
upward into the atmosphere by solar energy, or precipitation by gravitational 
forces. 
If the vaporization of water into the atmosphere is selected at the 
starting point, it might be pointed out that this transport is aided by 
moving air masses. Under proper conditions, the vapor is lifted and cooled 
to form clouds which may result in precipitation. The precipitation that 
falls may be dispersed in several ways. Figure 2.1 shows that it may fall on 
the soil and vegetation, into the rivers, lakes or ocean directly, or on some 
combination of the above. Water that falls into the streams or lakes may 
temporarily be stored, may run off into oceans, or may evaporate directly 
back into the atmosphere. Water that falls on the ocean can also be stored 
or evaporated. 
The water that falls on the land may be dispersed in several ways. A 
portion is temporarily retained in the soil near where it falls and is ulti-
mately returned to the atmosphere by evaporation and/or transpiration through 
plants. Part of the remaining water finds its way over and through surface 
soil to stream channels, while the rest penetrates further into ground to 
become part of the earth's ground water supply. Under the influence of 
gravity, both surface streamflow and groundwater move toward lower elevations 
and may eventually discharge into the ocean. However, substantial quantities 
of surface and underground water are returned to the atmosphere by evaporation 
and transpiration before reaching the oceans and this represents a sizable 
percentage of the total water in the cycle. 
This description is oversimplified, but is a convenient means for a 
rough delineation between precipitation on land and oceans, and the return of 
the water to the atmosphere. It is important to remember that this continuous 
cycle through which water moves is not constant. On the contrary, movement of 
water through the various phases of the cycle is extremely erratic, and will 
vary in terms of both time and space. 
It is this random pattern of nature that makes drainage design so diffi-










what weather conditions would occur and plan his design accordingly. 
Unfortunately, the designer is faced with an estimation of the weather 
conditions and therefore must be conservative in his approach. 
I(b) Precipitation Processes 
While water vapor is a necessary factor in the formation of precipita-
tion, it is not the sole requirement. There are three basic steps which 
are necessary in order for precipitation to form. First, a saturated con-
dition in the atmosphere must exist. This condition is brought about mostly 
through the cooling which accompanies an ascending body of moist air. 
The second step involves the transformation of the water in the air 
mass from vapor to liquid and/or solid state. This transformation, which 
is termed condensation, occurs on small hygroscopic particles which are 
termed condensation nuclei. As this air mass is lifted, expanded, and 
cooled, the water vapor will condense on these particles to initiate the 
formation of precipitation. Snow will follow a similar route but will not 
be discussed in this manual. 
Growth of the small water droplets to "precipitable" size is the third 
and least likely step. As the droplets form, there are influences that are 
attempting to reduce their size through evaporation. Solar energy is just 
one such influence. Heat generated from the physical transformation of the 
state of the water molecules coupled with air movement, also contributes to 
this evaporation. If this evaporation is too great, then rainfall is 
impossible. 
The principle types of cooling mechanisms differentiate between the 
types of precipitation that occur. These three basic types are cyclonic 
cooling, convective cooling, and orographic cooling. Below is a brief 
description of each. 
"Cyclonic cooling may be divided into a nonfrontal and frontal 
classification. The nonfrontal variety results from the convergency 
and subsequent lifting of air which accompanies a low-pressure area. 
Nonfrontal cyclonic precipitation that develops in the mid-latitude 
ranges of the earth produces rain (or snow) of moderate intensities 
and duration. This type of storm may last from 24 to 72 hours and 
deliver a total of from 2 to 6 inches of precipitation in that time. 
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Nonfrontal cyclonic precipitation of tropical origin may deliver as 
much as 15 inches of rain in a period of 12 to 24 hours." 
"Cyclonic cooling of the frontal variety occurs when the air is 
forced over a frontal surface. With a warm front, the slope of this 
surface is normally between 1:100 and 1:400. Because of these flat 
slopes, the clouds indicating its approach may be seen from 1,000 to 
1,500 miles ahead of the surface front. For the same reason, the 
lifting and cooling of the air is gradual, thus producing moderate 
rainfall rates, often of long duration. If the front is a cold front, 
the characteristic frontal surface slopes are much steeper (from 1:25 
to 1:100). These steep slopes will produce a rapid rise and cooling 
of the displaced warm air, and the resulting weather may be tumultuous, 
with short-duration pelting and high winds." (Eagleson, 1970) 
Convective cooling results when a vertical instability of moist air is 
produced by surface heating. Convective currents are established and the 
rains associated with these currents are very short in duration, ' seldom 
lasting longer than one hour. These storms are usually local in nature 
and produce very intense rainfalls that are highly significant in hydro-
logical design. This type of rain pattern is associated with thunderstorms. 
Orographic cooling is less likely to occur in Indiana but will be men-
tioned nevertheless. This type of cooling results from mechanical lifting 
over mountain barriers. Precipitation resulting from such effects varies 
according to the terrain and is difficult to characterize and predict. 
It would be extremely fortunate if nature reacted according to the defi-
nitions and the equations that engineers use to predict a particular condition. 
Unfortunately, nature is not so obliging. The three mechanisms for cooling and 
the associated rainfall patterns are not individual entities. The problem that 
arises for engineers is that any combination of the three mechanisms can occur, 






I(c) Time Distribution of Rainfall 
"Knowledge of the time distribution of rainfall in storms is of paramount 
importance in solving certain hydrologic problems such as the design of urban 
storm sewer systems. This type of knowledge is also useful in studying soil 
erosion and flood potential of various types of storms, as well as in advanc-
ing our understanding of the physics of the atmosphere with regard to precipi-
tation processes." (Huff, 1970) 
A complete approach to describing the time distribution of rainfall would 
consider the probabilistic nature of heavy rainfall. One such study was per-
formed in which data was collected over a 400 square mile area in east-central 
Illinois utilizing 40 rain gages. (Huff, 1970; Viessman, 1977) 
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This study found that the major portion of the total storm rainfall occur-
red in a small part of the total storm time, regardless of storm duration, areal 
mean rainfall, and total number of showers or bursts in the storm period. The 
storms were classified into four groups (1st, 2nd, 3rd, and 4th quartiles) de-
pending on the quartile (25% segment of the total storm duration) in which the 
greatest amount of total rainfall occurred. The curves in Figure 2.2 were 
derived from this study and are considered representative for the Midwest. The 
axes of the curves are cumulative rainfall -vs- cumulative storm time and each 
curve represents a different probability level. (Huff, 1970; 1972) For example, 
a 10% probability curve may be interpreted as the distribution that will be 
exceeded in 10% of the first quartile storms. Referring to the 40% probability 
curve in the first quartile storm (Figure 2.2), enter the vertical axis with 
the value that represents 70% of cumulative rainfall that has fallen, the n 
going across and down, one finds that this rainfall fell within the firs t 
25% of the storm time. 
Since the four curves represent only the major portion of the total s torm, 
Table 2.l(a) aids in determining the overall storm probability by considering 
the percent frequency of occurrence of that particular curve type. (Huff, 1970) 
Here, the overall probability of the 40% curve for a first quartile storm i s 
12 . 8% (.32 x .40). Thus, 12.8% of all storms will have this distribution or 
an inferior first quartile distribution. 
Table 2.l(a) also demonstrates another important point: "that f ourt h-
quartile storms occurred most often when the duration was greater tha n 24 hours 
(52%) ; first-quartile and second-quartile storms occurred most often when the 
duration was less than 12 hours; whereas third-quartile storms occured most 
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Of all the storms, 42% had durations of less than 12 hours, 33% had 
durations between 12-24 hours and 25% had durations that exceeded 24 
hours. (Huff, 1970) 
Table 2.1 Percentage Distribution of Quartiles 
(a) For Illinois (Huff, 1970) 
Percent of Cases for Quartile 
Quartile Given Duration (Hours) Frequency 
<12 12-24 >24 % 
1 45 29 26 32 
2 50 33 17 34 
3 35 42 23 25 
4 22 26 52 9 -- -- -- --
All Storms 42 33 25 100 
(b) For West Lafayette, Indiana (Rao and Chenchayya, 1974) 
Ten Minute Data Hourly Data 
Quartile Number Frequency % . Number Frequency % 
1 57 33 64 48 
2 56 32 31 23 
3 27 16 9 7 
4 34 19 29 22 -- -- -- --
Total 174 100 133 100 
The time distribution of 174 rainfall events for the Lafayette region 
were analyzed by Rao and Chenchayya (1974). From this work, quartile distri-
butions using Huff's method were found for ten-minute and hourly data as 
shown in Figure 2. -3. In Table 2 .1 (b) the frequency of occurrence for each 
quartile is shown. As in Huff's analysis, the first and second quartile 
storms occur most frequently for both the ten-minute and hourly data. 
The Soil Conservation Service has also developed a rainfall temporal (.tj.me). 
distribution. Termed the SCS "B" rainfall distribution, this 6-hour distri-
bution is used in the development of emergency spillways. It is shown in 
Figure 2.4 and is a second quartile distribution. 
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"There is some evidence that for given climate conditions, events of 
a given scale exhibit quite similar distributions when normalized with 
respect to size and duration." (Eagleson, 1970) The percentage mass curve 
as used in the discussion above is a convenient means of demonstrating this 
similarity in the time distribution of point-storm precipitation. 
Some average curves for tropical cyclones and for GO-minute thunder-
storms are shown in Figure 2.5. Other types of storms have been examined 
in this way, but the variability in the mass curves is found to be quite 
large. "In general, however, convective and frontal type storms tend to 
have their peak rates near the beginning of rainfall while cyclonic events 
have their peaks in the central third." (Eagleson, 1970) This is in approxi-
mate agreement with the probabilistic nature of storm patterns as discussed 
before. It is emphasized that all curves shown are empirically derived 
relationships, useful for areas of from 10 to 400 square miles. (Huff, 1970) 
I(d) Areal Distribution of Rainfall 
In Section II(a) there are three techniques presented in which rainfall 
measurements are averaged over a particular watershed. These rainfall meas-
urements are taken from point sources, and as one could anticipate, the 
structure of a storm and its internal variance might not be represented by a 
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P~rc~toqe of storm dutotioll 
Figure 2.5 Typical Percentage Mass Curves of Rainfall 













One could intuitively reason that as the area represented by that one 
point measurement increases, the reliability of the data as a representation 
of an average over the entire region decreases. As drainage areas become 
larger than a few square miles, point data must be adjusted. Figure 2.6 was 
developed by Hershfield (1961) for the entire United States and demonstrates 
the relationship between average rainfall over a watershed and the given 
point rainfall in that watershed as a function of area and storm duration. 
100 .. 
t .. 
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Figure 2.6 Area-Depth Curves (after Hershfield, 1961) 
II - COLLECTION AND ANALYSIS OF PRECIPITATION DATA 
It is not the intent of this manual that engineers should go out and 
collect and analyze precipitation data. Information developed here will aid 
the designer in understanding the data published in texts such as the United 
States Weather Bureau (now known as the National Weather Service) Technical 
Paper Number 40 and NOAA Technical Memo NWS Hydro-35. This information will 
also be beneficial in understanding other concepts presented later in this 
and other chapters of this manual. 
II(a) Precipitation Measurement and Interpretation 
Variations in depth of rainfall over an area must be determined from 
depths observed at selected points in the watershed. Unless there are ample 
rain gages over an area, true representation of the rainfall pattern and 
average values of rainfall usually cannot be obtained. Sparsely scattered 
rain gages imply that microscale events may not be recorded. 
Methods of recording the depth of rainfall are divided into three main 
categories. "First , there are the recording-gage data from the long-record 
first-order Weather Service stations. These gages produce a continuous 
2-11 
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time-depth sequence which is usually transferred to a chart of some type. 
Second, there are the recording-gage data of the hydrologic network which 
are published for clock-hour intervals. These data are processed for the 24 
consecutive clock-hour intervals. Finally, there are a very large number of 
nonrecording-gage data with observations made once daily." (Hershfield, 1961) 
In order to avoid erroneous. conclusions, it is necessary to give the 
proper interpretation to precipitation data. This is not always easily done. 
Although for the most part, designers obtain information from already 
published sources, occasionally it becomes necessary to develop data for 
design. The remaining part of this section will discuss techniques used 
for that development. (Linsley, et.al., 1975) 
The logical starting point when collecting rainfall data is obtaining a 
procedure to estimate missing precipitation data. "Many precipitation stations 
have short breaks in their records because of the absences of the observer or 
because of instrumental failures. In the procedure used by the National 
Weather Service missing precipitation data are estimated from data observed 
at three stations as close to and as evenly spaced around the station with 
the missing record as possible." (Linsley, et.al., 1975) If the normal 
annual precipitation at each of the three stations is within 10 percent of 
normal annual precipitation at the station in question, then a simple 
arithmetic average at the three surrounding stations using Equation 2.1 
gives adequate results. (Linsley, et.al., 1975; Chow, 1964) 
p = (P + p + p ) 1 
x a b c 3 
( 2 .1) 
"If this normal annual precipitation at any of the index stations differs 
from that at the station in question by more than 10 percent, the normal 
rational method is used. In this method, the data at the three surrounding 
stations are weighted by the ratios of their normal annual precipitation 
values and the normal annual precipitation at the station" in question. 
Equation 2.2 demonstrates this method. (Linsley, et.al., 1975; Chow, 1964) 
p 
x 
= [Nx p + 
N a a 
Nx P] 1 









where N x normal annual precipitation at the station 
with missing data 
N ,Nb, N = known normal annual precipitation a c 
at surrounding stations. 
After all the data from the particular gaging stations has been 
collected and adjusted, it is usually necessary to average the depth of 
precipitation over the watershed area in question. There are three 
methods of obtaining this average and each method applies to a different 
set of conditions. 
The first and the simplest method of obtaining the average depth is 
the arithmetic approach. "This method yields good estimates in flat terrain 
if the gages are uniformly distributed and the individual gage catches do 
not vary widely from the mean." (Linsley et.al., 1975) 
The second method, known as the Thiessen method, attempts to adjust 
for non-uniform distribution of gages by providing a weighing factor for 
each gage. The station locations are drawn on the map, and connecting lines 
are drawn. Perpendicular bisectors of these connecting lines form polygons 
around each station. The sides of each polygon are the boundaries of the 
effective area assumed for that station. The area of each polygon within 
the watershed is determined by planimetry and is expressed as a percentage 
of the total watershed area. Weighted average rainfall for the total area 
is computed by multiplying the precipitation at each station by its assigned 
percentage of area and summing them up. The results are considered more 
accurate than those obtained by simple arithmetic averaging. The method 
makes no attempt to allow for orographic influences and assumes a linear 
variation of precipitation between stations. 
The third and the most accurate method of averaging precipitation over 
a watershed is known as the isohyetal method. Station locations and amounts 
are plotted on a suitable map, and contours of equal precipitation (isohyets) 
are then drawn. The average precipitation for an area is computed by multi-
plying the average precipitation between successive isohyets by the area of 
the watershed located between these isohyets, totaling these products, and 
then dividing by the total area. The isohyetal method permits the use and 
interpretation of all available data and reflects orographic effects and 
storm distribution. Figure 2.7 demonstrates sample calculations of the three 
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Tniessen method : 
Observed 
.. 
Areo Per cent Weighted 
precip. total precipitation (in.) 
I in . I (sq mil oreo (col.Ix col.3 l 
0.65 7 I 0.01 
1.46 120 19 0 .28 
t. 92· 109 18 0 . 35 
2 .69 120 19 0.5t 
I. 54 20 3 0.05 
2.98 92. 15 0. 45 
5.00 82 13 0 . 65 
4.50 76 12 0.54 
626 100 2 .84 
Avercqe = 2 .84 ir.. 
(b) •Area of correspoodin9 polygon within basin bo:.::1dory 
tsohyetol method: 
lsohv.~t Area " Net 
enclose<: oreo 
! in.) (sq mi I (sq mil 
5 13 13 
4 90 77 
3 206 116 
2 4-02 196 
595 193 <, 626 31 
Average• 1634 7 626 = 2 .61 in. 





















Figure 2.7 Areal Averaging of Precipitation by (a) Arithmetic 
Method, (b) Thiessen Method, and (c) Isohyetal Method 








II(b) Statistical Analysis of Rainfall Data 
A brief treatment of statistical analysis as it relates to extreme 
values for point rainfall data is presented in Appendix A. If any terms 
are not understood in this section, or additional information is desired, 
turn to that appendix. 
Analysis of annual rainfall records for des~gn data is seldom necessary 
since much of this information has already been collected and distributed 
through such agencies as the National Weather Service. Occasionally when 
more detailed information for a specific location is required, extreme value 
analysis is required. For this type of study, no less than 15 years of 
record is required if the approach is to have any statistical reliability. 
One of the most conunon parameters in hydrologic design is the frequency 
or return period for which depths of rain of a given magnitude and duration 
will be equaled or exceeded. This information will aid in the estimation of 
runoff from a watershed in conjunction with techniques presented in Chapter 3 . 
The selection of a design frequency must rest on economic analysis and policy 
d~cisions. 
Since theoretical aspects of frequency analysis for extreme values require 
that all data for the period of study be comparable, it is extremely important 
that the basic data be thoroughly scrutinized. Data is comparable when all of 
it represents correct, reliable observations that are independent from the 
rest. Data from individual storms are independent. It is also most important 
that this analysis be applied only to extreme values. Any other treatment is 
beyond the scope of this manual. 
Changes in the location of the gage or other extraneous effects should 
be corrected. With this in mind, the following discussion will describe how 
this information is to be assembled and analyzed. (Linsley et.al., 1975; 
Chow, 1964) 
For rainfall analysis, the partial duration series is selected as an 
appropriate tool. This method considers the largest values for the event 
of a given duration regardless of the year or years in which they occurred . 
(The other technique, the annual series selects only the largest value in 
any given year). The data is arranged in descending order of magnitude and 
assigned an order or ranking number (m) starting with one and increasing by 
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one until the ranking number equals the number of years of record that is 
being analyzed. (Hershfield, 1961) 
The estimated return periods for the particular set of data are calcu-
lated using Equation 2.3. 
T = r 
n+l 
m (valid only for n > 5) 
where T = return period of n-year event r 
n = number of events or years of record 
m order or ranking number 
(2.3) 
The return period may be transposed to frequency by inverting the return 
period, or: 
P = l/T = r 
m 
n+l (valid only for n .::_ 5) 
(2.4) 
where P = the frequency of the event occurring or being exceeded. 
If it was found that a maximum of three inches of rain fell once for a given 
duration in a nineteen year period of record, one might state that on an 
average that amount of rainfall would occur once every nineteen years or with 
a frequency of P = 1/(19+1) = 0.05. 
Due to the short time-span in which most rainfall data has been collected, 
some mechanism is needed to extend the infonnation over a longer period of 
time. With such a mechanism, return periods longer than the data series can 
be investigated. 
As described in Appendix A, many well-defined theoretical probability 
distributions have been used to describe hydrologic processes. It should be 
re-emphasized, however, that any theoretical distribution is not an exact 
representation of the natural process, but only a description of the proba-
bilistic structure of the process. 
The two recouunended distributions for rainfall are the Gumbel's extreme 
value distribution and the Log Pearson Type III distribution. Either may be 
obtained utilizing a fonnula or graphical approach. The general equation for 










Q = X + KS (2. 5) 
where Q = desired peak value for a specific frequency 
-X arithmetic average of the given rainfall data 
K = frequency factor 
(use k for Gumbel distribution from Table 2.2) 
(use k' for Log Pearson Type III distribution from 
Table 2.3) 
S = standard deviation of the given rainfall data 
In utilizing Gurnbel's distribution, the arithmetic average is utilized 
and expressed by: 




where Qi individual extreme value 
n = number of events or years of record 
The standard deviation is calculated by 




The frequency factor (k) (given in Table 2.2), which is a function of the 
return period and sample size, when multiplied by the standard deviation gives 
the departure of a desired return period rainfall from the average. 
Table 2.2 Frequency Factors (k) for the Gumbel Distribution 
Recurrence Interval 
Sample 
Size 10 20 25 50 75 100 1000 
15 1.703 2.410 2.6.12 3.321 3.721 4.005 6.265 
20 1.625 2.302 2.517 3.179 3.563 3.836 6.006 
25 1.575 2.235 2.444 3.088 3.4G.1 3.729 5.842 
30 1.541 2.188 2.393 3.026 3.393 3.653 5.727 
40 1.49.5 2.126 2.326 2.!H3 3.301 3.554 5.476 
50 1.466 2.086 2.283 2.889 3.241 3.491 5.478 
60 1.446 2.059 2.253 2.852 3.200 3.446 
70 1.430 2.(138 2.230 2.824 3.169 3.413 5.359 
75 1.423 2.029 2.220 2.812 3.155 3.400 
100 1.401 1.998 2.187 2.770 3.109 3.349 5.261 
The Log Pearson Type III distribution involves logarithms of the measured 
values. The mean and the standard deviation are determined using the loga-
rithmically transformed data. The simplified expression for this distribution 
is given as: (see also Equation A-12 in Appendix A) (Chow, 1964) 
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-log Q log x + k's' (2.8) 
.~ (lognQ9 -where log x = 
i-1 -2r/2 
and s' =~Cle» Qi - log X) 
n-1 
To utilize Table 2.3 for values of the frequency factor k', a new tenn 
defined as the coefficient of skewness must be calculated using Equation 2.9. 
(Viessman, et.al., 1977) (See Appendix A) 
g = 
- 3 nE(log Qi - log X) 
3 (n-1) {n-2) {s') 
where g = the coefficient of skewness. 
(2. 9) 
Therefore, knowing the coefficient of skewness and the desired return period 
{recurrence interval), Table 2.3 will provide the necessary frequency factor, 
k'. Finding the antilog of the solution to Equation 2.8 will provide the 
estimated extreme value for the given return period. 
The graphical approach is easier to utilize, but care must be taken. 
The data is prepared using Equation 2.3 to find the appropriate r e turn period 
for each extreme value listed. This infonnation is plotted on either Gurnbel's 
paper or Log Pearson Type III paper. (See Figures 2.24 and 2.25) A smooth 
curve is then fitted to the data. From this curve, return periods larger than 
the number of years of data may be obtained by extrapolation. Example Problems 
#1 and #2 will demonstrate this procedure. 
So far we have considered only the depth and not the intensity of rainfall. 
The analysis is identical and the depth may be converted to intensity by knowing 
the duration in which the depth of rainfall fell. This is discussed in greater 
detail in Section III - EXAMPLE PROBLEMS {this chapter) . 
In any case, extension to greater return periods involves no more than 
extrapolation of the graphs to the return period in question or calculation 
by the use of the equations. 
All values determined up to this point are average values . A return period 
of one hundred years implies that on the average that event will occur or be 
exceeded once every one hundred years, but does not guarantee that the event 








by considering the chance of a particular event occurring within a given 
period. This concept is what the engineer must use in determining the 
economic feasibility of a design. Risk is determined by; (Viessman, 1972) 
J 
n 1 - (1-p) 
= 1 - (1-1/T )n 
r 
(2.10) 
The risk can also be determined from Table 2.4 which is a solution of 
Equation 2.10 in tabular form. The table simply states that we accept a 
20 percent risk that an event of a certain magnitude will occur only once 
in the next 15 years, then we should design our structure for a return 
period of 67.7 years. (Viessman, 1972) 
II(c) Depth and Intensity-Duration-Frequency Curves 
Curves for depth and intensity-duration-frequency have been developed 
for various sections of Indiana and are presented in Section II of this 
chapter, (SCS 1962). These are very useful to the design engineer as input 
to the deterministic runoff models. An understanding of the techniques used 
in developing such curves will aid the designer in the use of these curves 
for specific locations. 
Depth and intensity-duration-frequency curve distributions are developed 
by using the principles discussed in the last section. Depth and intensity 
are related, since intensity is nothing more than a change in depth divided 
by an increment of time as expressed by: 
i = 6d/6t (2.11) 
where i intensity (inches/hour) 
6d = change in depth (inches) during time interval 6t (hours) 
Rainfall information is easily obtained from the National Weather Service 
station nearest to the design location. If only one such station in the par-
ticular area exists, then this data may be used, while if more than one station 
exists, then the data must be averaged over the entire area by a suitable 
technique as described in Section II(a). 
With this information, it is necessary to select a specified duration 
(say 60 minutes) and determine the largest depths of rainfall accumulated 
for all the different storms for all the years of record. This information 
2-19 
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Table 2.3 k' Values for Use with Log Pearson Type III Distribution 
(after Viessman et. al., 1977) 
Skewness Recurrence interval in years 
Coefficient 2 10 25 50 100 200 
3.0 -0.396 1.180 2.278 3.152 4.051 4.970 
2.5 -0.360 1.250 2.262 3.048 3.845 4.652 
2.0 -0.307 1.302 2.219 2.912 3.605 4.298 
1.8 -0.282 1.318 2.193 2.848 3.499 4.147 
1.6 -0.254 1.329 2.163 2.780 3.388 3.990 
1.4 -0.225 1.337 2.128 2.706 3.217 3.828 
1.2 -0.195 1.340 2.087 2.626 3.149 3.661 
1.0 -0.164 1.340 2.043 2.542 3.022 3.489 
0.9 -0.148 1.339 2.018 2.498 2.957 3.401 
0.8 -0.132 1.336 1.993 2.453 2.891 3.312 
0.7 -0.116 1.333 1.967 2.407 2.824 3.224 
0.6 -0.099 1.328 1.939 2.359 2.755 3.132 
0.5 -0.083 1.323 1.910 2.311 2.686 3.041 
0.4 -0.066 1.317 1.880 2.261 2.615 2.949 
0.3 -0.050 1.309 1.849 2.211 2.544 2.856 
0.2 -0.033 1.301 1.818 2.159 2.472 2.763 
0.1 -0.017 1.292 1.785 2.107 2.400 2.670 
0.0 0 1.282 1.751 2.054 2.326 2.576 
-0.l 0.017 1.270 1. 716 2.000 2.252 2.482 
-0.2 0.033 1.258 1.680 1.945 2.178 2.388 
-0.3 0.050 1.245 1.643 1.890 2.104 2.294 
-0.4 0.066 1.231 1.606 1.834 2.029 2.201 
-0.5 0.083 1.216 1.567 1. 777 1.955 2.108 
-0.6 0.099 1.200 1.528 1. 720 1.880 2.016 -
-0.7 0.116 1.183 1.488 1.663 1.806 1.926 
-0.8 0.132 1.166 1.448 1.606 1. 733 1.837 
-0.9 0.148 1.147 1.407 1 .549 1.660 1. 749 
-1.0 0.164 1.128 1. 366 1.492 1.588 1.664 
-1.2 0.195 1.086 1.282 1.379 1.449 1.501 
-1.4 0.225 1.041 1.198 1.270 1.318 1.351 
-1.6 0.254 0.994 1.116 1.166 1.197 1.216 
-1.8 0.282 0.945 1.035 1.069 1.087 1.097 
-2.0 0.307 0.895 0.959 0.980 0.990 0.995 
-2.5 0.360 0.771 0.793 0.798 0.799 0.800 











is analyzed to determine return periods associated with these maxi.mum 
rainfall data. By selecting different durations it is possible to develop 
a set of curves of depth-duration frequency as shown in Figure 2.8. As 
might be expected, the depth of rainfall will increase with duration and 
also with return period . 
Table 2.4 Return Period Associated with Various Degrees 
of Risk and Expected Design Life (after Viessman, et.al., 1977) 
Risk 
Expected Design Lile (years) 
(%) 2 5 10 15 20 2S 50 100 
75 2.00 4.0'2 6.69 11.0 14.9 18.0 35.6 72.7 
50 3 . .fJ 7.74 14.9 22.1 29.4 36.6 72.6 144.8 
40 4.44 10.3 20.1 29.9 39.7 49.S 98.4 196.3 
30 6.12 14.S 28.S 42.6 56.5 70.6 140.7 281 
~ 
25 7.46 17.9 35.3 52.6 70.0 87.4 174.3 348 
20 9.47 22.9 45.3 67.7 90. l 112.5 224.6 449 
15 12.8 31.3 62.0 90.8 123.6 154.3 308 616 
10 19.5 48.1 95.4 142.9 190.3 238 475 950 
5 39.5 98.0 195.5 292.9 390 488 976 1949 
2 99.5 248 496 743 990 1238 2475 4950 
1 198.4 -498 996 149'2 1992 2488 4975 9953 
Intensity-duration-frequency curves, on the other hand, may be derived 
from the depth curves exemplified in Figure 2.8. Selecting a specific return 
period, Equation 2.11 may be used by supplying various depths and correspond-
ing durations. By selecting different return periods it is possible to 
construct the curves shown in Figures 2.is - 2.19 . . 
Depth 
(inches) 
Return Period (years) 
Figure 2.8 Example Depth-Duration-Frequency Curves 
It is extremely important to realize that the intensity-duration-
frequency values obtained do not represent any particular storm pattern 
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or storm. It is the maximum amount of rain that has fallen for a particular 
time interval over the n-years of record. The significance of this point 
will be discussed in Chapter 3. (McPherson, 1969) 
As one could anticipate, this analysis requires a great amount of time 
and effort. Normally, it is not required unless the area in question is 
expected to produce values other than those given in prepared charts. 
To aid the designer, depth-duration-frequency data have been published 
by the U.S. Weather Bureau (now National Weather Service), Technical Paper 
Number 40. The Soil Conservation Service has prepared the curves shown in 
Figures 2.9 - 2.14 for Indiana from this publication. These figures represent 
average point rainfall and should be adjusted as described in Sections I(c) 
and I(d) of this chapter for time-distribution or large areas. 
In addition, intensity-duration-frequency curves for the Indiana cities 
of Fort Wayne, Evansville, Indianapolis, and Terre Haute (and also Chicago) 
are shown in Figures 2.15 - 2.19. Again, they represent point rainfall data 
and must be used quite cautiously for other regions in the state. Local 
conditions in certain areas do show differences from those averages. 
Intensity-duration-frequency curves for other areas may be developed by 
using the combination of Figures 2.9 - 2.14, Table 2.5, and Equation 2.11. 














Table 2.5 Ratios for the Conversion of Six-Hour Rainfall Depths 
to Depths for Other Durations 
(National Engineering Handbook, Hydrology, Soil Conservation 
Service; and U.S. Weather Bureau Technical Paper No. 40) 
Duration Ratio 





















RAINFALL DEPTHS RAINFALL DEPTHS 
. l" 
2 YEAR FREQUENCY - 6 HOUR DURATION 5 YEAR FREQUENCY - 6 HOUR DURATION 
Figure 2.9 Figure 2.10 
Depth - Duration - Frequency Curves 
















10 YEAR FREQUENCY - 6 HOUR DURATION 25 YEAR FREQUENCY - 6 HOUR DURATION 
Figure 2.11 
Depth - Duration - Frequency Curves 





RAINFALL DEPTHS . 1-
4. 8" 
50 YEAR FREQUENCY - 6 HOUR DURATION 100 YEAR FREQUENCY - 6 HOUR DuRATION 
Figure 2.l3 Figure 2.14 
Depth - Duration - Frequency Curves 
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Figure 2.15 Rainfall Intensity-Duration-Frequency Curves 
Fort Wayne, Indiana 1911 - 1951 
(U.S . Department of Conunerce - Weather Bureau - Cooperative Studies Section) 
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Figure 2.16 Rainfall Intensity-Duration-Frequency Curves 
Evansville, Indiana 1903 - 1951 




















~ FREQUENCY ANALYSIS BY METHOD OF 
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Figure 2.17 Rainfall Intensity-Duration-Frequency Curves 
Indianapolis, Indiana 1903 - 1951 
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Figure 2.18 Rainfall Intensity-Duration-Frequency Curves 
Terre Haute, Indiana 1912 - 1951 















































FREQUENCY ANALY SIS BY METHOD OF 
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Figure 2 .19 Rainfall Intensity-Duration-Frequency Curves 
Chicago, Illinois 1905-1912, 1926-1951 
(U. S. Department of Commerce - Weather Bureau - Cooperative Studies Section) 
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III - EXAMPLE PROBLEMS 
Example Problem #1 
Using Figures 2.9 .- 2.14 and Table 2.5 develop an intensity-
duration-frequency curve for West Lafayette, Indiana. 
e STEP 1 
Interpolate from Figures 2.9 - 2.14 the depth of rainfall for a 6-hour 
duration for the Lafayette area. 
Return Period (years) 
Depth (inches) 














For each return period, convert the 6-hour duration depths into depths with 
durations of 5, 10, 15, 30 and 60 minutes and 2 , 3, 6, 10, 14, 18 and 24 












18 hrs . 
24 hrs . 
Table 2.6 Rainfall Depths for Various Return Periods 
and Durations for Example Problem #1 
DEPTHS (inches) 
Ratio Return Period 
2 yrs. 5 yrs. 10 yrs. 25 yrs. 50 yrs. 
0.19 0.42 0.52 0.59 0.68 0.75 
0.29 0.64 0.79 0.91 1.04 1.15 
0.36 0.80 0.99 1.13 1.29 1.43 
0 . 50 1.11 1.37 1.56 1. 79 1.98 
0.63 1.40 1. 73 1.97 2.26 2.49 
0.77 1. 71 2.11 2.41 2.76 3.05 
0.83 1.84 2.27 2.60 2.97 3.29 
1.00 2.22 2.74 3 .13 3.58 3.96 
1.12 2.49 3 .07 3.51 4.01 4.44 
1.20 2.66 3.29 3.76 4.30 4.75 
1.27 2.82 3 .48 3.98 4.55 5.03 

























e STEP 3 
Convert rainfall depths into rainfall intensities (inches/hour) 
(EXAMPLE) 0.42 inches 





Table 2.7 Rainfall Intensities for Various Return Periods 
and Durations for Example Problem #1 
INTENSITY (inches/hour) 
Duration Return Period 
2 yrs. 5 yrs. 10 yrs. 25 yrs. 50 yrs. 100 yrs. 
5 min. 5.04 6.24 7.08 8.16 9.00 9.84 
10 min. 3.84 4.74 5.46 6.24 6.90 7.50 
15 min. 3.20 3.96 4.52 5.16 5.72 6.20 
30 min. 2.22 2.74 3.12 3.58 3.96 4.32 
60 min. 1.40 1. 73 1.97 2.26 2.49 2. 72 
2 hrs. 0.86 1.06 1.21 1.38 1.53 1.67 
3 hrs. 0.61 0.76 0.87 0.99 1.10 1.20 
6 hrs. 0.37 0.46 0.52 0.60 0.66 0.72 
10 hrs. 0.25 0.31 0.35 0.40 0.44 0.48 
14 hrs. 0.19 0.24 0.27 0.31 0.34 0.34 
18 hrs. 0.16 0.19 0.22 0.25 0.28 0 . 31 
24 hrs. 0.13 0.15 0.18 0.20 0.22 0.24 
• STEP 4 
The result is an intensity-duration-frequency curve. Graph the intensity 
values against storm duration on the provided graph paper. (This is a 
modified log-log paper and a blank copy has been included in Figure 2.23). 
By plotting the points for the 6 return periods, an intensity-duration-
frequency curve for West Lafayette is obtained. This is shown in 
Figure 2 . 20. 
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Example Problem #2 
The data on the following page in Table 2.8 represents peak intensities 
at Purdue Throckmorton Farm near Lafayette, Indiana. Each number in the 
chart represents the number of occurrences for that given intensity. The 
intensities are for four durations, 5, 15, 30 and 60 minutes, and have been 
collected over a period of 14 years. It will be assumed that the magnitude 
will be the average intensity of the given interval. (Example - For a five-
minute duration, there are 18 observances with an intensity of 1.5 - 1.6 
inches/hour, we shall say 1.55). 
By using the procedure outlined in Section II(b), develop an intensity-
duration-frequency curve and compare it with the previously developed curve 
2-35 
found in Example P~ohlem #1. Assume that a Gumbel distribution gives the best fit. 
e STEP 1 
From the Table 2.8 select the greatest intensities (work from the bottom of 






















Rank, Return Period and Probability of Intensities 
for Various Durations for Example Problem #2 
Duration (minutes) Return Probability 
Period l 
15 30 60 T =n+l P=l--r -- T_ m r 
Storm Intensity (inches/hour) 
8.05 4.95 3.55 2.65 15 0.934 
7.65 4.85 3.15 1.95 7.5 0.867 
7.25 4.55 2.95 1.55 5 0.80 
6.65 4.55 2.75 1.55 3.75 0.733 
6.65 4.55 2.55 1.55 3.0 0.667 
6.45 4.25 2.55 1.55 2.5 0.60 
6.15 3.65 2.35 1.45 2.14 0.533 
6.05 3.45 2.25 1.45 1.875 0.467 
5.65 3.45 2.15 1.45 1.67 0.40 
5.45 3.45 2.15 1.45 1.5 0.333 
5.45 3.45 2.15 1.45 1.36 0.264 
5.25 3.25 2.15 1.25 1.25 0.20 
5.15 3.25 2.05 1.15 1.15 0.133 









Table 2.8 Pe~k Intensities - Throckmorton Farm, Lafayette, Indiana (14-Year Record Period) O' 
Number of Occurrences - vs - Intensity (Inches/Hour) for a Given Duration 
Inches Inches Total 
Hour Increments by 0.1-inch Hour Occur . 
0-.1 .1-.2 .2-.3 .3-.4 .4-.5 .5-.6 .6-.7 .7-.8 .8-.9 • 9-1. 0 
5 - Minute Duration 
o.o - - 2 5 4 0 46 37 22 21 1.0 137 
1.0 21 1 34 15 21 18 17 3 22 17 2.0 169 
2.0 9 6 7 0 8 6 15 6 4 1 3.0 62 
3.0 7 4 8 2 2 1 6 2 2 2 4.0 36 
4.0 1 0 5 0 1 0 0 0 3 1 5.0 11 
5.0 0 1 1 0 2 0 1 0 0 0 6.0 5 
6.0 1 1 0 0 1 0 2 0 0 0 7.0 5 
7.0 0 0 1 0 0 0 1 0 0 0 8.0 2 
8.0 1 - - - - - - - - - 9.0 1 
15 - Minute Duration 428 
0.0 - 2 17 26 53 36 44 18 42 18 1.0 256 
1.0 32 13 20 11 15 8 8 3 10 5 2.0 125 
2.0 6 2 9 1 2 3 2 0 2 1 3.0 28 
3.0 2 2 2 0 4 0 1 0 0 0 4.0 11 
4.0 0 0 1 0 0 3 0 0 1 1 5.0 6 
30 - Minute Duration 
426 
0.0 - 10 45 68 70 49 37 21 32 7 1.0 339 
1.0 17 13 10 9 5 3 3 3 2 0 2.0 65 
2.0 4 4 1 1 0 2 0 1 0 1 3.0 14 
3.0 0 1 0 0 0 1 0 0 0 0 4.0 2 
60 - Minute Duration 418 
o.o 0 59 114 88 48 30 28 11 14 5 1.0 397 
1.0 10 6 1 0 5 4 0 0 0 1 2.0 27 
2.0 0 0 0 0 0 0 1 0 0 0 3.0 1 
425 
1699 
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• STEP 2 
Plot the values of intensity against probability or return period on Gumbel 
paper for each duration. The results are shown in Figure 2.21. 
• STEP 3 
Compute the mean and standard deviation for each duration and the frequency 
factor k for return periods of 10, 25 and 50 years from Table 2.2. 
Duration (minutes) 
Mean M 




Return Period (years) 




15 30 60 
3.91 2.48 1.54 





As a check, compare the values determined by Equation 2.5 with those from 
Figure 2. 21. 
Storm Duration Return Period 
(minutes) 50 yrs. 25 yrs. 10 yrs. 
I 
Graph Equa. Graph Equa. Graph Equa. 
5 9.20 9.43 8.50 8.76 7.65 7.86 
' 15 5.95 6.12 5.50 5.66 5.00 5 .04 
30 4.00 4.02 3.70 3.70 3.30 3.27 
60 2 .87 2.80 2.61 2.54 2.22 2.18 
It can be seen the values predicted by Equation 2.5 and the ones determined 
by graphical analysis are very close. 
• STEP 5 
Enter Figure 2.21 for a given return period and determine the rainfall 
intensities for the four (4) durations. Plot these values on the modified 
log-loq paper and plot a curve . The result is shown in Figure 2.22. It can 
be seen that these curves for the 5-minute to 60-minute durations are close 
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Figure 2.22 Rainfall Intensity-Duration-Frequency curves 
for Example Problem #2 (Throckloorton Farm) 
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Example Problem #3 
Given the depth of rainfall associated with a SO-year, 6-hour storm 
and a SO-year, 2-hour storm at Lafayette, Indiana, estimate a storm-time-
distribution that may be utilized in design using Huff's distribution. 
e STEP 1 
Determine rainfall depth. A SO-year, 6-hour storm at Lafayette results in 
3.96 inches of rain and a SO-year, 2-hour storm results in depth of 3.0S 
inches. (From Table 2.6) 
e STEP 2 
Select a storm pattern. From Figures 2.2 - 2.S select an appropriate quartile 
storm. Note from Table 2.1 that 66% of all storms fall into the first and 
second quartile storm. This example will use the SO% level for a first 
quartile storm. 
e STEP 3 
Determine the pattern. Using Huff's (7) first quartile median (50%) storm 
pattern, determine the cumulative percentage of storm rainfall depth and the 
related cumulative percentage of time. Next find the increment in percentage 
of the storm depth. This is tabulated below. 
SO-Year, 2-Hour Storm 
Cumulative Time Percent of Total Storm Rainfall Incremental 
Percent of CUmulative Increment Rainfall (in) 
Storm Time (min) 
0 0 0 
16.67 20 40 40 1.22 
33.33 40 73 33 1.01 
so.oo 60 86 13 0.40 
66 . 67 80 92 6 0.18 
83 . 33 100 97 s O.lS 




r SO-Year, 6-Hour Storm 
Percent of Time Percent of Total Storm Rainfall Incremental 
Storm Time (min) CUmulative Increment Rainfall (in) 
r 
0 0 0 
10 36 18 18 0.71 
20 72 so 32 1.27 
30 108 71 21 0.83 
40 144 80 9 0.36 
so 180 86 6 0.24 
r- 60 216 90 4 0.16 
70 2S2 93 3 0.12 
80 288 96 3 0.12 
90 324 98 2 0.08 
100 360 100 2 0.08 
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Figur e 2 . 23 Bl a nk Plo tting Pap e r for Intensity - Duration - Fre que n c y Ana l ysi s 
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Chapter 3 - RUNOFF AND ITS ESTIMATION 
I - INTRODUCTION 
In the design of most hydraulic structures, it is necessary to calculate 
the peak runoff, and in some cases the volume, which that structure will 
experience for a given storm frequency. Some of the currently employed 
methods are founded on basic hydrologic and hydraulic principles while others 
are empirical or semi-empirical . Regardless of the method which is used, the 
designer should be fully aware of the associated assumptions and limitations. 
This chapter discusses the factors affecting runoff and reviews several 
commonly used methods for the determination of peak runoff and volume. The 
end of the chapter includes examples which illustrate the appropriate appli-
cation of the methods. 
I(a) Factors Affecting Runoff 
In the discussion of the hydrological cycle in Chapter 2, it was noted 
that not all the rainfall is converted to surface runoff. The path that a 
water droplet takes can be very complicated. Figure 3.1 presents a compre-
- -- ·- --- . -
hensive view of one of the many possible interactions between rainfall and 
the earth as time increases from the beginning of rainfall. 
Time from beqinnif19 of ro1nfott -
Figure 3.1 Schematic Diagram of the Disposition of Storm Rainfall 
(after Linsley et al. 1975) 
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The horizontal axis represents the time from the start of the rainfall 
and the vertical axis represents a corresponding depth. This particular 
diagram represents an extensive storm of uniform intensity on a dry basin, 
and is only one of many possible scenarios. 
The portion of the diagram which is dotted represents the percent of 
the rainfall which will become flow measured at the point. under consideration. 
During the early period of the storm, channel precipitation, the rainfall that 
falls directly on the channel, is the only input to flow. As the storm pro-
gresses, this value increases due to the increased surface area of the channel 
as the water level rises. This increase is relatively insignificant when 
compared with the influence of the other factors: depression storage, inter-
ception, groundwater flow, interflow, infiltration, and surface runoff. 
~ression storage is the volume of water which collects in natural de-
pressions or ponds or impermeable surfaces. It is very difficult to assign 
a magnitude to this phenomenon but it may play a very important role in the 
hydrologic cycle. Figure 3.1 demonstrates that the rate of depression storage 
decreases from a high value as the depressions in the watershed are filled up. 
Once the rainfall intensity has exceeded the local infiltration capacity of 
the soil, surface depressions, natural and man-made, begin to fill. Each 
depression has its own capacity, and when filled, subsequent inflow is balanced 
by outflow plus any infiltration and evaporation. After smaller depressions 
are filled, overland flow begins which in turn may fill larger depressions or 
may flow directly to the channel. 
Interception may be defined as the rainfall which is temporarily or 
permanently held in storage before reaching the ground. During the first 
part of the storm a large portion of the rain is stored on vegetal cover or 
man-made surfaces such as roofs. Figure 3.1 shows that the interception 
rate decreases as the storm progresses and would disappear completely if not 
for the fact that evaporation and evapo-transpiration may occur from the 
large wetted surfaces of the foliage. 
Infiltration in Figure 3.1 produces the three components of soil moisture, 
interflow and groundwater flow. The infiltration capacity of the soil depends 
upon the soil type, moisture content of the soil, amount of organic matter 






As the storm progresses, the infiltration rate decreases, since the capillary 
channels in the soil are filled. It is obvious that if these capillary 
channels are filled from a previous storm then the initial infiltration 
rate will be much less. 
The infiltration capacity f is defined as the maximum rate at which p 
water can enter the soil under a given set of conditions. When the supply 
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rate is equal to or greater than f , the actual infiltration rate f. equals f • 
. p i p 
It follows that when the rainfall intensity is less than the infiltration 
capacity f , the actual infiltration rate is identical to the rainfall supply p 
rate. The maximum rate occurs at the beginning of the storm and as the soil 
is saturated, approaches a constant rate f • One effect of urbanization is to c 
replace permeable soils with impermeable structures such as houses, streets and 
shopping malls. Obviously, less water will be lost to infiltration and more 
will become runoff. 
The contribution of saturated groundwater to channel flow cannot fluctuate 
rapidly because of long flowpaths and low velocities through the soil. The 
groundwater may eventually contribute to the channel over a long period of time 
if the water table intersects the channel. 
Interflow is the portion of the water which infiltrates the soil surface 
and moves laterally through the upper layers of the soil until it re-emerges 
or enters the channel. It generally moves slowly through the soil and the 
actual proportion of the total runoff which results from interflow is dependent 
upon the soil type and the geology of the watershed under consideration. For 
some watersheds, subsurface flow may be the dominant contribution to stormwater 
runoff. 
The last portion of Figure 3.1 is the surface runoff which starts at zero 
and increases, as the storm goes on. As the storm duration lengthens, the 
runoff levels off to a relatively constant percentage of the rainfall. In 
urban areas, with a high percentage of impervious area and low levels of 
detention storage, the major contribution to flow in the channel is surface 
runoff. 
II - THE RATIONAL METHOD 
The rational method is one of the oldest, simplest, most widely used 
(and often criticized) methods employed in the determination of peak dis-
charges from a given watershed. It was first introduced in this country 
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by Kuichling in 1889, and a recent survey indicated that it is used in 
90 percent of the engineering offices in the United States (Ardis, et al., 
1969). This popularity can probably be attributed to its simplicity, "ease" 
of application and tradition. 
The fundamental idea behind the rational method is that the peak rate 
of surface outflow from a given watershed will be proportional to the water-
shed area and the average rainfall intensity over a period of time just 
sufficient for all parts of the watershed to contribute to the outflow. The 
constant of proportionality is then supposed to reflect all those character-
istics of the watershed, such as imperviousness and antecedent moisture, 
which affect the rate of runoff. In its simplest form, the rational formula 
is written as 
Q = CiA 
where Q 
c 
peak discharge (cubic feet per second - cfs) 
ratio of peak runoff rate to average rainf al~ 
(3 .1) 
rate over the watershed during the time of concentration 
(runoff coefficient) 
i rainfall intensity (inches/hour) 
A contributing area of watershed under consideration (acres) 
It should be noted that the conversion from acres-inches/hour to cfs is 
1.008. This value is usually neglected and it is for these units that the 
formula was termed "rational". 
In general, the rational method should be applied to drainage basins less 
than 200 acres in area and is best suited for well-defined drainage basins, 
such as urban areas. The following is a list of the basic assumptions used in 
the application of this method. 
1. The return period of the peak discharge is the same as that of the 
rainfall intensity. 
2. The rainfall is uniform in space over the watershed under consideration. 
3. The storm duration associated with the peak discharge is equal to the 
time of concentration for the drainage area (the time for the most 
hydraulically-distant point to contribute to the peak outflow at the 
point under consideration). 








5. The runoff coefficient C is independent of the storm duration for 
a given watershed and reflects any changes in infiltration rates, 
soil types and antecedent moisture conditions. 
II(a) Determination of a Runoff Coefficient 
Values of the runoff coefficient are given Table 3.1 for rural areas 
and Table 3.2 for urban areas. Table 3.2(a} presents runoff coefficients 
for particular types of urban areas and Table 3.2(b) gives coefficients 
which can be used to compute .a weighted C based on the actual percentage 
of lawns, streets, roofs, etc . 
Table 3.1 Rural Runoff Coefficients (Schwab et al., 1971} 
Vegetation Soil Texture 
and 
Topography Open sandy Clay and silt Tight 
loam loam clay 
Woodland 
Flat 0-5% slope 0.10 0.30 0.40 
Rolling 5-10% slope 0.25 0.35 0.50 
Hilly 10-30% slope 0.30 0.50 0.60 
Pasture 
Flat 0.10 0 . 30 0.40 
Rolling 0.16 0.36 0.55 
Hilly 0.22 0.42 0.60 
Cultivated 
Flat 0.30 0.50 0.60 
Rolling 0.40 0.60 0.70 
Hilly 0.52 0.72 0.82 
As mentioned before, this coefficient represents the runoff-rainfall 
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ratio and includes many factors such as type of cover, soil types, infiltra-
tion, evaporation, evapo-transpiration, and any antecedent moisture conditions. 
It has also been shown that c actually does not remain constant during the 
storm duration (Horner, 1910). The strong dependence on "engineering judgment" 
in selecting a runoff coefficient is one of the main weaknesses of the rational 
method. 
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Table 3.2 URBAN RUNOFF COEFFICIENTS FOR THE RATIONAL METHOD (ASCE 1976) 
(Values applicable for storms of 5-10 year frequencies) 
Table 3.2(a) 
Description of Area 
















Railroad yard . 
Unimproved 
0.70 to 0.95 
0.50 to o. 70 
0.30 to 0.50 
0.40 to 0.60 
0.60 to 0.75 
0.25 to 0.40 
0.50 to o. 70 
0.50 to 0.80 
0.60 to 0.90 
0.10 to 0.25 
0.20 to 0.35 
0.20 to 0.35 
0.10 to 0.30 
Table 3.2(b) Values Used to Determine a Composite Runoff 
Coefficient for an Urban Area 
Character of Surface Runoff Coefficients 
Pavement 
Asphaltic and Concrete . . . . 0.70 to 0.95 
Brick. . 0.70 to 0.85 
Roofs . . . . . . . . . . . . 0.75 to 0.95 
Lawns, sandy soil 
Flat, 2 percent. . . . . 0.05 to 0.10 
Average, 2 to 7 percent . . . . 0.10 to 0.15 
Steep, 7 percent . . . . . 0.15 to 0.20 
Lawns, heavy soil 
Flat, 2 percent. . . . . 0.13 to 0.17 
Average, 2 to 7 percent. 0.18 to 0.22 
Steep, 7 percent 0.25 to 0.35 
Water Impoundment . . . . . . 1.00 
r 
II(b) Determination of the Rainfall Intensity 
The rainfall intensity is another parameter which must be determined . 
Rainfall intensity-duration-frequency curves like those discussed in 
Chapter 2 are the source of these values. These curves can also be devel-
oped for other areas from T.P. #40 (Hershfield, 1961), as demonstrated in 
Example Problem #1 in Chapter 2. 
For use in computer or calculator programs, intensity curves can also 
be fitted with an equation of the form: 
i 
m cT 
where i rainfall intensity (inches/hour) 
return period (years) T 
t storm duration (minutes) 
c, d, m, n are regional coefficients 
Ranges of these coefficients for Indiana are (Fair et al. 1971) 
5 < c < 50 
0 < d < 30 
0.1 < m < 0.5 
0.4 < n < 1.0 
(3 .2 ) 
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It has been determined that the following equation fits the rainfall intensity 
data for the Lafayette, Indiana area. (Burke and Gray, 1979) 
i = 22.5 TO.l
9 
(t+5)0.68 
where 2 < T < 50 years 
5 < t < 120 minutes 
(3.3) 
The return period T in this equation is the reciprocal of the probability of 
that event occurring or being exceeded in any one year. Consequently, a rainfall 
that has been shown by statistical methods to be exceeded on the average of once 
in 25 years, has a probability of exceedence in any year of 1/25 or 0.04 (4%). 
Local custom or ordinance dictates the use of a particular return period. 
In the design of urban drainage systems, a return period 5-25 years is 
generally selected. It is recommended that more than one return period be 
analyzed and the costs and risks associated with each be scrutinized. 
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The other parameter in Equation 3.3 is the storm duration. As 
discussed earlier, the rational method assumes that this is equal to the 
time of concentration, which is the travel time for the most hydraulically 
distant point to contribute to the point under consideration. 
The travel time to a given location is the sum of the overland flow 
time, the gutter flow time, and the sewer flow time. The time of concen-
tration at this location is the longest travel time when all paths are 
considered. In terms of sewer design practice, this means that the inlet 
time for each sub-basin must be compared to the travel time from all up-
stream sub-basins and the longer time selected as the local time of concen-
tration. Failure to understand this concept is a conunon source of error. 
Table 3.3 presents sane commonly used formulas employed in the determi-
nation of the overland flow time. Most equations relate this time to the 
basin length, slope and surface roughness. Two equations, by Izzard and 
Ragan, include the intensity as a factor, which means that an iterative 
solution is necessary. These equations vary in the predicted values, and 
no one equation is applicable for all cases. Gutter flow times can be 
estimated using the Manning formula (See Chapter 5). Often the inlet time is 
merely assumed. ASCE has reported that conunonly used values for the inle t time 
vary from 5 to 30 minutes, while in flat residential districts with widely 
spaced street inlets, a 20-30 minute time is customary (ASCE 1976). 
These inlet times are then added to the flow time in the pipe or channel 
to determine the travel time at the next point of interest. However, if the 
inlet time for this point is greater than the upstream travel time, the inlet 
time is used as t in the subsequent calculation. c 
The sewer flow time is usually calculated by choosing a pipe or channel 
configuration and calculating the velocity. The time is then found by: 
L t = - (3.4) 
60V 
where t travel time in pipe (min) 
L = reach length (ft) 

















Equation for t c 
t = c 
L0.6 n0.6 
i0.4 S0.3 
tc = 0.827 [ ~] 0.467 
t = c 
t 
c 










where, t overland flow time c 
L basin length (ft) 
s = basin slope (ft/ft) 
i rainfall intensity 
(min) 
(in/hr) 
Table 3.4 Values of N for Kerby's Formula 
Notes 
n is Mannings 
roughness co-
efficient 
(See Table 4.2) 
L < 1200 ft, 
values of N are 
given in Table 3.4 
airport areas 
c = -runbff 
coefficient 
iL < 500, values 
of c given in 
Table 3.5 
Type of Surface N 
Smooth impervious surface . . . . . 
Smooth bare packed soil • • . . • . 
Poor grass, cultivated row crops or 
moderately rough bare surface 
Deciduous timberland • . . . 
Pasture or average grass . . • • • 
Conifer timberland, deciduous timberland 








Table 3.5 Values of c for Izzard's Formula 
Surface Value 
Smooth asphalt surface .. 
Concrete pavement 
Tar and gravel pavement 
Closely clipped sod 
Dense bluegrass turf . . 






Obviously, the choice of parameters in the rational method is sometimes 
arbitrary and leaves much to interpretation and preference. Consequently, vari-
ations in solutions from one designer to another may occur. Another associated 
problem is the lack of verification. Since rainfall intensity values are 
derived from statistical analysis and do not represent any given storm event, 
it is virtually impossible to have a storm of a specified design intensity and 
duration. Regardless of its shortcomings, the method remains wideiy used among 
engineers. Unfortunately, some designers have used the method incorrectly. The 
correct procedure for the application of this method follows: 
e STEP 1 
Determine the contributing basin area A (acres) by using USGS topographical maps, 
Indiana county drainage maps, maps developed from a survey of the area, or plans 
made specifically for the basin. This area can then be found by use of a plani-
meter, counting squares, etc. 
e STEP 2 
By the use of Table 3.1 for rural areas or Table 3.2 for urban areas, find the 
appropriate value of C. If the land is a conglomerate of uses, a composite 
C value may be determined by: 
c comp 











e STEP 3 
Determine the time of concentration. The time of concentration for the basin 
can be determined by using one of the equations listed in Table 3.3. This 
value is found by knowing the basin length, slope and cover. 
• STEP 4 
The next step is to determine the value of intensity. Enter an intensity-
duration-frequency diagram with the storm duration equal to the time of 
concentration and, by choosing a curve of an appropriate return period, read 
off an intensity value. This is then multiplied times the area and runoff 
coefficient to determine the peak discharge. 
If there is another basin downstream, the first time of concentration is 
added to the travel time in the channel found by Equation 3.4. This is then 
compared to the inlet time of the second basin and the larger of two is used 
as the new time of concentration. 
III - SOIL CONSERVATION SERVICE CURVE NUMBER METHOD 
The Soil Conservation Service curve Number Method, CN, was developed to 
determine the quantity of runoff from a given amount of precipitation (SCS, 
1956). The CN method uses basin soil and cover types and the rainfall depth 
and antecedent moisture condition to predict the runoff volume. The method 
is relatively easy to use and has wide applicability. It has been recommended 
for both rural and urban watersheds. Although there are no limits on the 
watershed area to which it can be applied, the area must be small enough so 
that the rainfall intensity is uniform. If the soil type of the basin varies, 
the basin should be broken down into sub-basins of similar character or a 
composite CN calculated. 
III (a) Theory of the curve Number Method 
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The basic principle of the curve number method can be described in 
conjunction with Figure 3.2, which is a graph of quantity versus time. The 
upper line represents the total rainfall P(t) as a function of time. This is 
assumed to be a linear function for convenience. The dashed line concave to the 
time axis represents the total abstraction or loss L(t) as a function of time. 
The total abstraction is the sum of the initial abstraction I , due mainly to a 



































occurring during the storm being studied. It is assumed that no runoff 
occurs until I has been satisfied and that after a sufficiently long time, a 
F(t) reaches a constant saturation value denoted by S-I • The symbol, s, a 
stands for the ultimate total abstraction and depends on soil type, cover, 
and antecedent moisture condition. The cumulative runoff R(t) is the 
difference between the total rainfall and the total abstraction. 
R(t) = P(t) - L(t) = P(t) -F(t) - I ; when P(t) >I a - a (3. 6) 
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The curve number method hinges on the assumption that the ratio of runoff to 
water available for runoff equals the ratio of infiltration to ultimate total 
abstraction. 
R(t) 
P(t) -I a 
F (t) 
s (3.7) 
Substituting Equation 3.6 into Equation 3.7 and solving for R(t) yields: 
R(t) 
[ p (t) - Ia] 2 
P(t) -I + S a 
. (3. 8) 
By analyzing rainfall and runoff data for many small watersheds, the following 
empirical relation between I and S was developed: a 
I a 
0.2 • s 
Using Equation 3.9 in Equation 3.8 gives: 
2 
(P(t) - 0.2S) 
P(t) + 0.8S R(t) 
If P(t) < 0.2S;then R(t) = 0 
III(b) Determination of the Parameter S 
(3. 9) 
(3 .10) 
In the determination of the ultimate abstraction S, the soil type must be 
taken into consideration. Soils have been classified by the SCS into four 
groups based on infiltration capacity. The criteria for each soil type are 
described in Table 3.6. The conunon United States soils have been analyzed and 
placed in the appropriate category based on Table 3.6. The classification of 
the soils common to Indiana are given in Table 3.8. 
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The antecedent moisture condition AMC, which is an indication of the 
rainfall which has recently fallen on the basin under consideration, must 
also be taken into consideration. Table 3.7 lists the criteria used by the 
scs in the selection of an AMC condition. 
Table 3.6 Criteria Used by the Soil Conservation Service in the 
Classification of Soils - National Engineering Handbook, 
Hydrology: Section 4 (NEH-4) 





Soils in this category have a high infiltration rate even 
when thoroughly wetted and consist mainly of deep, well-to-
excessively-drained sands or gravels. (Low runoff potential) 
Soils in this category have moderate infiltration rates when 
thoroughly wetted and consist of moderately deep to deep, 
moderately well to well-drained soils with moderately fine 
to moderatly coarse textures. 
Soils in this category have slow infiltration rates when 
thoroughly wetted and consist mainly of soils with a layer 
that impedes downward movement of water, or soils with 
moderately fine to fine textures. 
Soils in this category have a very slow infiltration rate 
when thoroughly wetted and consist mainly of clay soils 
with high swelling potential, soils with a permanently 
high water table, soils with a claypan or clay layer at 
or ·near the surface, and shallow soils over nearly impervious 
material. (High runoff potential) 
* * * * 
Table 3.7 Antecedent Moisture Condition Criteria Set by the 
Soil Conservation Service (NEH-4) 
5-Day Antecedent Rainfall (inches) 
Antecedent Moisture 




Less than 0.5 
0.5 -+ 1.1 
Over 1.1 
Less than 1.4 




Table 3.8 Hydrologic Soil Groups in Indiana 
r 
Soil Soil Soil Soil Soil Soil 
r Group Name Group Name Group Name 
B Abington B Brady,fsl B Crider 
c Aboite B Br amen B Crismore 
A Ade B Bronson c Crosby 
c Adler B Brookston 
A Adrian D Bryce 
r 
B Alford D *Burgin B Dana 
D *Algiers B Byington c Darrock 
B Alida A Byron B Dearduf f 
r c Allensville c Della 
B Allerten D Delmar 
r c Ardmore B Cadmus D *Dillon c Askum B caesar B Door 
D Atkins c Cana B Door,fsl 
B Aubbeenaubbee c Captina A Donaldson 
D Avonburg D *Carlisle B Dowagiao 
B Ayr A Casco B Dresden 
r c Ayrshire D Caseyville c Dubois B Cates A Dune Sand 
B Catlin D Dunning 
B Celina 
c Bartle c Chalmers B Edenton 
c Bedford D *Chilo D *Edwards 
A Beech Sand B Christian c Eel ,.... 
Belmore *Cincinnati Elk B B c 
B Barri en D Clarence D Elkins 
D Bethel D Clermont B Elkinsville 
B Bowleyville A Colcma B Elkinsville,fsl 
B Birkbeck c *Colyer c Elliott 
c Blanchester c Conover B Elston 
A Bloomfield B Conrad A Enos 
c Blount c Cope B Fabius 
B Boehne B Corwin D Fairmount 
D Bone c Cory D Farmington 
B Boyer c Corydon c Fincastle 
B Brady c Crane B Flanagan 
*Soils classified according to National 
Standard, but subject to revision. 




Table 3.8 Hydrologic Soil Groups in Indiana (contd.) 
~oil Soil .Soil Soil Soil S.oil 
Group Name Group ~ Group Name 
B Foresman c Inglefield c Massie 
B Foresman c Inwood c Matherton 
B Fox-sil B Iona D *Maumee 
B Frederick B Ionia c *McGary 
c Fulton c Iva B Medway 
c Galena B Jasper B Mellott 
c Ganesville B Jasper,fsl D Melvin 
B Genesse c Jennings B Metamora 
c Gibson D Johnsburg B Metea 
D *Gilford D Julian B Miami 
D Ginat B Kalamazoo B Mill Creek 
D Gipp B Kaskaskia B Millsdale 
B Glenhall c Keene c Milton 
D *Granby B Kendallville B Mon go 
B Grayford B Kerston D Montg0mery 
c Griffin c Key sport B Montmorenci 
D Guthrie D Kinderhook B Morganfield 
c *Kings c Morley 
D *Kokomo c *Morocco 
B Kouts D *Mullins 
A Hanager c *Lawrence B Muren 
B Hanna c Lear c Muskingum 
c Harbison c Lenawee D Muskingum(shallow) 
B Hartman c Lindside B Mussey 
c Haubstadt B Link wood 
B Haymond D Linwood D Nappanee 
B *Hennepin B Longlois c Needham 
c Henshaw A Lorenzo B Negley 
c Hickory D Lovett A Nekoosa 
c High Gap D Loy c Neward 
B Hillsdale c *Lucas D *Newton 
c Homer B Lydick B Nineveh 
B Homer,fsl B Lydick,fsl c Nyona 
c Hosmer B Lyles 
B Houghton 
B Howe c Mahalasville A Oaktown 
D Hoytville B Manlove A Oakville 
B Huntington c *Markland B Ockley 
B Martinsville B Octogen 
B Martinsville,fsl c Odell 
*Soils classified according to National 
Standard, but subject to revision. 
fsl - fine sandy loam 
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Table 3.8 Hydrologic Soil Groups in Indiana (contd.) 
r Soil Soil Soil Soil $oil Soil 
Group Name Group Name Group Name 
B Oshtemo c Romney c Varna 
c Otis B Ross B Vaughnsville 
A ottawa c Rossmoyne D Vigo 
c Otterbein c Rugby c Vincennes 
A ottokee B Runnymede B Volivia r 
c Otwell B Russell D Wabash 
B Owensville c Russellville D *Wakeland 




B Palms D St. Clair c *Warne rs 
B Parke c Saugatuck B Warsaw 
B Parr c Sciotoville c Washtenaw 
,..... c Patton D *Sebewa D *Was eon 
c Pekin B Seward B Wawaka 
B Pembroke· c Shadeland B Wea 
c Peoga D Sharkey c Weinbach 
D Percy c Shoals D Weir 
B Pettit B Sidell A Weiss 
r c Pewano c Sleeth B Wellston 
c Philo D Sloan D *Westland 
B Pike A Spinks B Wheeling 
c Pino la c Stendal c Whitaker 
A Plainfield B Strole c Whitcomb 
B Pope D Stoy c Wilbur 
B Pettit B Sununer B Willette 
B Princeton B Sunburry c Will vale 
B Sunfield B Wingate 
B Switzerland B Woodmere 
c Swygert A Wooten 




r c Tilsit B Xenia 
B Ragsdale B Tippecanoe 
c Randolph D Toledo 
c Rehm c Toronto c Zanesville 
c Reeseville B Tracy D Zipp 
c Rensselaer B Trappist 
B Rifle A Tyner 
c *Rimer 
D Robinson 
s Rodman r c Romeo c Uniontown 
*Soils class ified a ccording to National 
Standa rd, but subj ect t o revis ion 
-
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Once the soil classification and antecedent moisture condition have 
been determined, a curve number CN can be found given the type of cover 
in the watershed. The relationship between S and the curve number is: 
s = 1000 
CN 
- 10 (3.11) 
Table 3.9 may be used to determine the appropriate CN for the 
particular cover and soil type in the watershed. The table demonstrates 
that the higher curve numbers occur with the more impervious cover and 
in the higher soil classifications. These numbers, when used with Equa-
tion 3.11 are consistent with the physical process (e.g., by using a CN 
of 100 for an ideal impervious cover, the runoff predicted by Equation 
3.10 equals the rainfall). 
Table 3.9 indicates that the CN values presented are for an AMC II. 
Table 3.10 may be used in the conversion for an AMC I or AMC III. It 
can be seen that the CN values are lowest for AMC I and highest for 
AMC III. 
III(c) Application of the CN Method 
Once the CN has been determined, a value of s may be calculated by 
using Equation 3.11. By selecting the rainfall depth for a particular 
storm, Equation 3.10 may be solved for the runoff R. An alternative to 
using Equation 3.10 is Figure 3.3 which is a graphical solution of 
Equation 3.10. By entering the x-axis with the rainfall depth and 
reading up until the CN is reached, the value of R may be found by 
reading the y-axis. This runoff is the depth of rainfall which contrib-
utes to surface outflow. The units of R are inches. By multiplying R 
by the basin area and converting units, a volume of runoff may be deter-
mined for the watershed under consideration. 
For a basin which has a conglomerate of soil types, a composite or 
weighted CN may be determined by Equation 3.12. 
CN = comp A 
t 
+ CN A) n n (3.12) 
where CN1 , CN2 ••• CNn are the curve numbers associated with 




The curve number method may also be used in determining the time 
distribution of the runoff. In this manual, the CN method is used in 
conjunction with the synthetic dimensionless and triangular unit hydro-
graph methods for the determination of the storm hydrograph. The pro-
cedure used in this operation is outlined below. 






Given the rainfall depth and storm duration, determine the 
time distribution of the rainfall. 
Divide the storm duration into convenient intervals and 
determine the rainfall depth at the start and end of each interval. 
Determine the ultimate abstraction S by using Equation 3.11. 
Using Equation 3.10 or Figure 3.3, determine the runoff for the 
beginning and end of the time intervals. 
The difference between successive runoff values is the incremental 
runoff. The incremental runoff may then be used as the excess 
rainfall needed as input in hydrograph calculations. 
It should be pointed out that the curve number method was developed with 
data from agricultural watersheds. When applying the method to urban water-
sheds, discrepancies are observed for low AMC's when ccmpared to other 
methods. (Burke and Gray, 1979) 
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Table 3.9 curve Numbers for Various Cover and Soil Types [AMC=II] (NEH-4) 
HYDROLOGIC SOIL GROUP LAND USE DESCRIPTION A B C D 
cultivated land: without conservation treatment 72 
with conservation treatment 62 
Pasture or range land: poor condition 
good condition 
Meadow: good condition 
Wood or Forest land: thin stand, poor cover, 
no mulch 
good cover 
Open spaces: lawns, parks, golf courses, ceme-
teries, etc. 
good condition: grass cover on 75% or more 
of the area 
fair condition: grass cover on 50% to 75% 
of the area 
Commercial and business areas(85% impervious) 
Industrial districts (72% impervious) 
Residential:l 
Average lot size 


























Paved parking lots, roofs, driveways, etc.3 98 
Streets and roads: 




Low density(l5-18% impervious surfaces) 69-71 
Medium density(21-27% impervious surfaces) 71-73 






































































1curve numbers are computed assuming the runoff from the house and driveway 
is directed towards the street with a minimum of roof water directed to lawns 
whe re additional infiltration could occur. 
2The remaining pervious areas (lawn) are considered to be in good pasture 
condition for these curve numbers. 













































Table 3.10 Conversion for AMC II Curve Number 
to AMC I or AMC III (I a 
-
CN for CN for CN for 
0.25) (NEH-4) 
CN for 
Condition Condition Condition Condition 
I III II I 
100 100 61 41 
97 100 60 40 
94 99 59 39 
91 99 58 38 
89 99 57 37 
87 98 56 36 
8S 98 55 35 
83 98 54 34 
81 97 S3 33 
80 97 S2 32 
78 96 Sl 31 
76 96 so 31 
7S 95 49 30 
73 9S 48 29 
72 94 47 28 
70 94 46 27 
68 93 45 26 
67 93 44 25 
66 92 43 2S 
64 92 42 24 
63 91 41 23 
62 91 40 22 
60 90 39 21 
59 89 38 21 
S8 89 37 20 
57 88 36 19 
55 88 35 18 
54 87 34 18 
S3 86 33 17 
52 86 32 16 
Sl 8S 31 16 
so 84 30 15 
48 84 
47 83 25 12 
46 82 20 9 
4S 82 lS 6 
44 81 10 4 
43 80 s 2 











































HYDROLOGY: SOLUTION OF RUNOFF EQUATION 
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Figure 3.3 Graphical Solution of Equation 3 .8 (NEH-4) 









IV - HYDROGRAPHS 
The physical processes of runoff and the factors which reduce or 
delay the amount of rainfall which becomes runoff, were discussed in 
Section I(a). In the design of hydraulic structures, it is often neces-
sary to know the time distribution of the runoff as well as the peak 
magnitude. A hydrograph, which is simply a graph of flow versus time, 
enables both these values to be determined. 
From previous discussions, a hydrograph of a channel discharge 
would be expected to have four components: direct surface runoff, inter-
flow, groundwater or base flow and channel precipitation. The initial 
rising portion of the hydrograph is termed as the rising limb; the portion 
in the vicinity of the peak is called the crest segment, and the falling 
leg or limb is termed the recession curve. The shape of a particular 
hydrograph is dependent upon the precipitation pattern. and the basin 
characteristics. Figure 3.4 illustrates the definitions presented. , 
(Linsley et al. 1975) 
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Figure 3.4 Definitions of Hydrograph Terms 
(Linsley et al., 1975) 
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If the rainfall remains a constant intensity for a sufficiently long period 
of time, a state of equilibrium is reached. This point represents the period 
when the inflow of rainfall equals the outflow as runoff (neglecting groundwater 
contribution). In Figure 3 . 5, two curves are shown. The inflection point on 
curve A represents the time when the entire drainage basin is contributing to 
the flow. At this inflection point, the maximum storage capability of the basin 
is only partially filled. As the storm progresses, the state of equilibrium is 
reached and the curve levels off. In nature, the state of equilibrium is seldom 
attained. This is due to the variable parameters associated with the runoff 
process and the fact that rarely will the rain fall with a constant intensity 
for a long period of time. Curve B represents a single-peaked hydrograph. 
Constant rainfall intensity 
Time 
Figure 3.5 Equilibrium Discharge Hydrograph 
(Viessman et al. 1977) 
Figures 3.6(a)-(d) represent the characteristics of hydrograph shape 
with variations in rainfall and watershed configuration. The minor 
fluctuations seen in these curves are caused by fluctuations in rainfall 
intensity. (Viessman, et al., 1977) 
In Figure 3.6(a}, a storm in the upper basin produces a slow rise in 
the hydrograph and a recession with a broad peak. Figure 3.6(b) represents 
the same basin with a different s torm distribution. The result is a sharp 
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(a) (b) (c) (d) 
Figure 3.6 The Effects of Storm and Basin Characteristics on Hydrograph Shape 
(cross-hatched areas represent the portion of the water-
shed on which precipitation falls) 
(Viessman et al., 1977) 
large basins into smaller sub-basins to avoid such complications. 
Figure 3.6(c) and 3.6(d), demonstrate the effect of basin geometry. The 
basin with a large downstream area reacts with a sharp pea.k and rapid recession 
curve, while the reverse is true of Figure 3.~(d). 
There are four basic types of hydrographs (NEH-4) 
(a) Natural Hydrograph: Obtained directly from the flow records of a 
gaged stream. 
(b) Unit Hydrograph: A natural or synthetic hydrograph for one inch of 
direct runoff which is the amount of rain which runs off after all 
losses and infiltration have been satisfied. The rainfall occurs 
uniformly over the watershed in a specified time. 
(c) Dimensionless Unit Hydrograph: Made to represent many unit hydro-
graphs by using the time to peak and the peak rates as basic units 
and plotting the hydrographs in ratios of these units. This is also 
called the Index Hydrograph. 
(d) Synthetic Unit Hydrograph: A generalized unit hydrograph which 
contains adjustable parameters enabling it to be used for many 
watersheds. 
The following sections will discuss the theory of the unit hydrograph 
and the application and theory of two synthetic hydrographs: the SCS 
Dimensionless Unit Hydrograph and the SCS Triangular Unit Hydrograph. 
- ~---------
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IV(a) The Unit Hydrograph 
The techniques developed in this chapter provide a relationship between 
the input rainfall and the channel outflow so that hydrographs can be found 
for a particular basin with various temporal rainfall patterns. 
The unit hydrograph is defined as the hydrograph of direct runoff result-
ing from one inch of effective rainfall uniformly distributed in space and time 
over the watershed for a particular excess rainfall duration. The result is a 
hydrograph which is associated with a particular basin, with constant physical 
conditions. 
In the above definitions, the terms direct runoff and excess rainfall need 
to be explained: 
Direct runoff is the portion of the rainfall which finds its way to a 
channel and eventually reaches the point under consideration. This 
would, of course, include overland flow, interflow, and groundwater. 
Excess rainfall is the rainfall that actually contributes to the direct 
runoff. Consequently, losses such as infiltration, evaporation and 
temporary or permanent storage need to be subtracted from the total 
rainfall. 
The important concept behind the unit hydrograph theory is that the volume 
of excess rainfall equals the volume of runoff. The volume of runoff is the 
area under the hydrograph while the volume of excess rainfall is the depth times 
the area on which it falls. The depth in the unit hydrograph is one inch. 
Once a unit hydrograph has been developed, a rainfall depth corresponding 
to a storm of the same duration as the time base of the unit hydrograph may be 
developed. That depth is then multiplied by the unit hydrograph coordinates to 
develop the storm hydrograph associated with that rainfall depth. Two or more 
hydrographs, representing successive rainfall increments for a given time inter-
val during the same storm, may be superimposed to determine the resulting storm 
hydrograph. 
The unit hydrograph concept assumes that the volume of runoff remains a 
constant, regardless of the temporal distribution. In nature, an increase in 
the precipitation duration lengthens the base and lowers the peak of the hydro-
graph. Normally this phenomenon changes the unit hydrograph only slightly and 










The unit hydrograph may be found in several ways. The historical record 
of the discharge of a channel may be statistically analyzed to determine the 
appropriate unit hydrograph if a long stream flow record is available. Another 
method is to use synthetic unit hydrographs which have been developed from 
analyzing hydrographs from many basins. 
IV(b) Synthetic Unit Hydrographs 
Two synthetic unit hydrographs will be discussed in this section -- the 
dimensionless unit hydrograph and the triangular unit hydrograph. Both 
methods incorporate empirical equations which relate the peak flow rate and the 
time to peak to basin parameters. These methods were developed by the Soil 
Conservation Service and utilize the curve Number (CN) method in the calcula-
tion of excess precipitation. The theory of the unit hydrographs and the 
extended application of the methods for determining a storm hydrograph will be 
discussed. 
The dimensionless unit hydrograph shown in Figure 3.7 was developed by 
analyzing a large number of basins with varying geographic locations. The 
name of the hydrograph comes fran the dimensionless ratio of q/~ on the 
ordinate and t/t on the abcissa where q_~ and t are the peak flow and time 
p ~ p 
to peak, respectively. Table 3.11 lists the coordinates of the hydrograph as 
well as the cumulative mass curve also shown in Figure 3.7. It can be seen 
that 37.5% of the total runoff volume accumulates in the rising portion of the 
hydrograph. 
The dimensionless unit hydrograph may be estimated by superimposing a 
triangle with the same units of time and discharge as shown in Figure 3.8. It 
can be seen that the peaks coincide for both hydrographs. If we say that T p 
(the time to peak) is "one time unit" we can determine the length of 
time for Tb (the base time of the hydrograph) which will resul·t in an equal 
area beneath the triangle and dimensionless unit hydrograph. By taking a ratio: 
where 
Tp Tb l 
V or l= 0.375 
p 
= 2.67 time units 
Vt and VP are the total volume of runoff and the volume of runoff 
at the time to peak, respectively. 
It follows that T r Tb - Tp = 2.67 - 1.00 = 1.67 time units or 1.67 Tp. 
where T is the time of the recession limb of the hydrograph. r 
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Figure 3 . 7 Dimensionless Unit Hydrograph and Mass curve 
(SCS;NEH-4) 
5 
Table 3.11 Ratios for Dimensionless Unit Hydrograph 































































































































Figure 3.8 Dimensionless curvilinear Unit Hydrograph and 











By usinq simple geometric relationships, the total volume of the triangular 
unit hydroqraph ~?. in J.'iqure 3.8 may be expressed as: 
'I' q 




If ~ is divided out, 
Q"'~[T +T] 2 p r (3.13) 
where Q = inches and T hours. (Note - ~ has units of inches/hour) 
Solving for ~ gives 
2Q if K = 2 then ~ = (T + T ) 






Equation 3.14 may be expressed in cfs by multiplying by the area and 
the appropriate unit conversions. The value of K may be determined since 






~ cf s 
A = sq. mi. 
Q = inches 
T = hours 
p 
1 inch for a unit hydrograph ] 
This equation is valid for both unit hydrographs. 
(3 .15) 
From Figure 3.8, the time to peak T may be expressed in terms of 
p 




fiD 2+ L (3.16) 
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It has been determined by the SCS that L is related to the time of concen-
tration (t ) of the basin as L = 0.6 t . c c Substituting this relationship into 
Equation 3.16 and replacing T in Equation 3.15 gives: p 
3-32 
484 AQ 
(3.17) tiD + 0.6 t 
2 c 
From Figure 3.8, the point of inflection which occurs in 1.7 time units, 
can be expressed in terms of t and tiD by Equation 3.18. c 
t + tiD = 1.7 T c p (3 .18) 
Substituting T found in Equation 3.16 into Equation 3.18 and simplifying p 
gives 
tiD = 0.133 t c (3.19) 
IV(c) Dimensionless Unit Hydrographs 
The preceding relationships allow the development of the dimensionless 
unit hydrograph as follows: 
e STEP 1 
Find the time of concentration t . This value may be obtained using either 
c 
Figure 3.9 or Figure 3.10. overland flow times are calculated from Figure 3.9. 
In using Figure 3.9, the ordinate is entered with the travel path slope, then 
the diagonal line which represents the basin characteristics is intercepted, 
and a velocity is found by reading the abcissa. The time is then found by 
dividing the travel path by the velocity and appropriate conversions. 
Figure 3.10 utilizes the curve number, travel length, and watershed in the 
calculation of the watershed lag L. This curve is for homogeneous watersheds 
under 2,000 acres. This lag is converted to t by the empirical relationship, 
c 
L = 0.6t . c 
e STEP 2 
Determine the values of tio, T 
p and 
From Equation 3.19; AD = 
From Equation 3.16; T = p 
From Equation 3.17; ~ 
0.133 t c 




tiD + 0.6 t 2 c 
where Q = 1 inch for a unit hydrograph. 
Note: The rainfall data may need to be adjusted so that the rainfall duration 
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Figure 3.9 Average Velocities for Estimating Travel Time 
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Figure 3.10 curve Number Method for Estimating Lag (L) for 
Homogeneous Watersheds Under Natural Conditions 
Up to 2,000 Acres (SCS; NEH-4) 
r-
e STEP 3 
Determine the coordinates of the unit hydrograph. By using Table 3.11, the 
values of discharge and time may be found by multiplying the ratios by 
~ and tp. These may be plotted to develop the unit hydrograph. 
e STEP 4 
Check that the volume of the unit hydrograph is equal to 1 inch of excess 
rainfall falling on the basin. This is accomplished by sununing up the 





[~ v 6D (3.20) UH 
i=l 
This value should check closely with the product of the rainfall depth of 
l", area and the conversion of 645.33 
v = A . 645.33 = cfs - hour (3.21) 
The results of Equations 3.20 and 3.21 should be very close. If there is a 
difference, the coordinates of the graph should be checked and corrected. 
The triangular unit hydrograph may be determined by using Step 2 out-
lined above and the relationship Tb = 2.67 TP. These points may be plotted 
to develop the unit hydrograph. The volume of the unit hydrograph may be 
found using Equation 3.13 and checked against the results of Equation 3.21. 
IV(d) Storm Hydrographs 
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Once the unit hydrograph has been determined, the hydrograph for a given 
temporal distribution and basin parameters can be determined. 
Before the hydrograph can be developed, the following information must be 
determined: 
Basin Area (sq. mi.) 
Basin Curve Number (see Section III) 
Antecedent Moisture Condition (see Section III) 
Storm duration, depth, and temporal distribution [depth -vs- time hyetograph] 
The following steps outline the procedure used in the application of 
dimensionless unit hydrograph to determine the storm hydrograph. 
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e STEP 1 
Tabulate the cumulative rainfall at ~O intervals. Tabulate the unit 
hydrograph at 60 intervals. 
• STEP 2 
Using Equation 3.10 calculate the cumulative runoff using the curve number 
and AMC (see Section III(c)). 
• STEP 3 
Calculate the incremental runoff for each time interval. 
e STEP 4 
The storm hydrograph may be found using the results of Step 1 and Step 3 
and Equation 3.22. 





where Q(t} runoff at time t [cfs] 
(if NP < NU} (3.22) 
u ordinate of the unit hydrograph [cfs/inch] 
q = excess rainfall [inches] 
NP the number of elements in 
NU the number of coordinates 
m max [l,t+l-NU] 
n min [t,NP] 
the rainfall hyetograph} 
in the unit hydrograph 
up to last 
non-zero 
entry 
These equations may be solved with a computer or a small progranunable 
calculator. (Croley, 1977, 1980) These equations may also be solved manually 
as outlined in Example Problem #3 at the end of this chapter. These equations 
assume that the hydrograph interval is 60 and that NP < NU. 
e STEP 5 
Compute the volume of the new hydrograph by summing up the ordinates and 
multiplying by the time interval. Compare this to the actual volume 





IV(e) Triangular Unit Hydrographs 
The development of the triangular unit hydrograph is very similar to 
the preceding procedures for other hydrograph types, as follows: 
e STEP 1 - STEP 3 
The same as the dimensionless unit hydrograph. 
• STEP 4 
Multiply the peak discharge of the unit hydrograph by the incremental 
runoff for the time interval under consideration. Using Tp and Tb , plot 
the hydrograph for that time interval. Do this for all the time increments. 
e STEP 5 
For each time increment, sum the ordinates of the triangular hydrographs to 
develop the total storm hydrograph. 
e STEP 6 
Compute the volume of runoff under the hydroqraph and compare this with the 
actual value in the same manner outlined in Step 5 for the dimensionless 
unit hydrograph. 
V STATISTICAL ANALYSIS OF PEAK DISCHARGES 
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This last section discusses the statistical analysis of peak discharges. 
These depend upon collected runoff data and consequently are the most repre-
sentative of all the methods used to predict peak discharges. The methods used 
incorporate statistical analysis. The procedure for the analysis is quite 
simple and the results are expressed in convenient terms of peak discharges for 
their respective return periods. With this information, one can evaluate a 
design and the risk associated with it. (see Appendix A for a definition of 
the terms used above) (Chow, 1964; Dalrymple, 1960) 
There are, however, three major drawbacks to the statistical approach. 
First, there must exist field records of discharge for the particular water-
shed. Although the United States Geological Survey has records for some of 
the major watersheds in Indiana, these records are seldom available at the 
location desired. Also, to obtain reliable statistics, a record length of 
from approximately twenty to thirty years duration is required. For most 
watersheds it is rarely possible to acquire this much information. 
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The fact that the analysis is only good for the particular point where 
the gages are placed constitutes the second major drawback. Rarely does the 
design structure location correspond to that particular point. It is possi-
ble though to make an interpolation between two locations on a stream if one 
understands the physical response of this watershed. This is further compli-
cated by the fact that this interpolation is seldom linear. (Viessman, 1975; 
Dalrymple, 1960) 
Even if all the above criteria are met, the designer could hardly use 
this approach for storm sewer design since the layout constitutes an entirely 
new sub-basin within the watershed. This would also imply that this method 
is ineffective in evaluating the effects of urbanization upon a watershed 
since such changes would nullify all existing data. (Dalrymple, 1960; 
Linsley, 1975) The following is an outline of the procedures used in the 
statistical analysis which is similar to the procedure used in Chapter 2 
for precipitation data. 
e STEP 1 
Collect the runoff data: The runoff data from the particular watershed may 
be obtained from published sources such as the Geological Survey Water Supply 
Papers released under the United States Department of the Interior, or from 
independent sources. The minimum length of record should be twenty years. 
• STEP 2 
Arrange the data: The data should be arranged so that the largest recorded 
peak discharge is first and the following magnitudes are arranged in de-
scending order to the lowest peak discharge using the partial duration dis-
cussed in Chapter 2. This series may be terminated when the number of peak 
discharges equals the number of years of record. The peak discharges should 
then be ranked from one to the number of years of record. 
e STEP 3 
Calculate the return period: As presented in Appendix A, the estimated return 







number of events (years of record) 






• STEP 4 
Predict discharge values for given design return periods: Often the length 
of record is not long enough to predict an extreme discharge value for a 
large return period. The following techniques (and those in Appendix A) 
allow one to estimate these values. 
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In Appendix A, two extreme value frequency distributions are discussed; 
the Gumbel and the Log Pearson Type III. Each can be either calculated 
analytically or determined graphically. 
• STEP 5 
Graphical Approach: Utilizing either Gumbel paper (Figure 2.24) or Log Pearson 
plotting paper (Figure 2.25) provided in Section III, Chapter 2, select a 
suitable vertical scale so that all of the discharge data can be graphed and 
yet allow additional predicted values to be read. Plot the data of the 
maximum discharges on the vertical axis versus their return periods (TR) as 
calculated in Step 3. Fit the best possible straight- line to the data. 
• STEP 6 
Formula Approach: Gumbel and Log Pearson Type III distributions both require 
the calculation of parameters. Consult Appendix A for details. Both dis-
tribution formulas are SUil'll\arized as follows: 
Gumbel Log Pearson Type III 
1 n n [l09
0
Qi] Q = E log Q = E n i=l i=l 
_l_ [ E (Q. -Q,2] 1/2 ~ r (109 Qi -109 Q°i 2 J 1/2 s s' n-1 1 n-1 
g 
nt(log Qi-log Q"] 3 
(n-1) (n-2)[s•)3 
Q = Q + ks (3.23-a) 
log Q log Q+ k's' (3.23-b) 
where Q and loq Q are the mean values, 
Q. is the value of event 
1 
with rank equal to i, 
s and S' are the standard deviations, 
k and k' are the frequency factors, 
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g is the skewness, and 
n is the number of events (years of record) for the Gumbel and 
Log Pearson distributions,respectively. 
With the value of these parameters known, it is only necessary to 
enter Table 2.2 or Table 2.3 in Chapter 2 with the desired return periods 
to determine the value of k or k'. Knowing all values, solve F.quations 
(3.23-a) or (3.23-b) for the predicted extreme values. 
r 
r 
VI EXAMPLE PROBLEMS 
Example Problem #1 (Rational Method}: Find the peak runoff from the 
watershed in Figure 3.11 for a 10-year return period using the rational 
method and the intensity-duration-frequency curve developed in Example 
Problem #1- Chapter 2. The runoff of Sub-basin #1 is collected at point 
"x" and conveyed to point "y" in a conduit, . with a travel time of 7.5 
minutes. The information for each sub-basin is given below. 





40 acres-woodland (flat) 






80 acres-pasture, rolling 
w/open sandy loam 20 acres-concrete pavmt. 



















Figure 3.11 Hypothetical Watershed 
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e STEP 1 
Find a composite value of C for each sub-basin used in Example Problem #1. 
(choosing the average value of C for each land use from Table 3.1 and 3.2) 
40 (0.30) + 80 (0.16) 
120 0.21 
C2 
= 20 (0.85) + 40 (0.17) + 20 (0.82) + 50 (0.15) = 
130 0.37 
e STEP 2 
Compute the times of concentration for each sub-basin using Kerby's Formula: 
(Table 3.3) 
From Table 3.4; 
N = 0.80 (dense grass, timberland); N = 0.02 (impervious, smooth) x y 
t = 0.827 po.BO) (3500) r;;;.i· ex 
..Jo.015 
= 89.8 minutes [ r ~67 t = 0.827 (0.02) (3000) • cy 
,jo.020 
14.0 minutes 
The time of concentration at point "y" is the sum of the travel time in 
the pipe and the upstream sub-basin time of concentration or the time of 
concentration for sub-basin #2, whichever is larger. In this case: 
t t + 7.5 = 97.29 minutes cy ex 
e STEP 3 
Compute the rainfall intensities corresponding to the time of 
concentration using Figure 2.19. 
For t = 89.80, i = 1.55 inches/hr. 
c 
e STEP 4 
t 97.29, i = 1.47 inches/hr. c 
t = 14.00, i = 4.60 inches/hr. c 
Compute the peak flow at "x" and "y" 
Qx = CiA = (0.21) (1.55) (120) = 39.10 cfs 
Qy = (C2A2 + c 1A1)i = [(0.21)(120) + (0.37)(130)] (1.47) 107.8 cfs 
Note: If sub-basin #2 is analyzed alone it will produce a peak flow rate of: 
(130) (0.37) (4.6) = 221.3 cfs This is larger than the peak flow-
rate computed for the entire watershed. It is for this reason that the 





Example Problem #2 {Curve Number Method): Detennine the volume of runoff 
for a SO-year 2-hour storm for a watershed located in Lafayette, Indiana 
with the following characteristics and antecedent moisture condition III. 
Total Area 300 acres 
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Sub-basin Soil Type Practice Condition Area(acres) 
#1 Crane Cultivated Land: Poor 75 
w/o Conservation Treatment 
#2 Crane Meadow Good 25 
#3 Tawas Forest: good cover Good 100 
#4 Tawas Residential: 30% Impervious 100 
e STEP 1 
Detennine the curve numbers using Table 3.9, convert to an AMC III using 
Table 3.10 and develop a composite curve number for the watershed, using 
















CN 75 (95} + 25 (86} + 100 (74} + 100 (86) 300 = 84.25 
• STEP 2 
Determine the ultimate abstraction, S, using Equation 3.11 
s = 1000 - 10 
CN 
S 1.87 inches 
• STEP 3 





Determine the total rainfall for a SO-year return period and a 2-hour duration 
for Lafayette, Indiana. Fran Example Problem #1 - Chapter 2, the rainfall 
depth P(t) is 3.05 inches. 
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e STEP 4 
Determine the cumulative runoff R(t) using Equation 3.10 or Figure 3.3. 
R(t) 
e STEP 5 
(P(t) - 0.2 S) 2 
P(t) + 0.8 S = 
(3.05 - 0.2•1.87) 2 
3.05 + 0.8•1.87 
Find the total runoff volume in cubic feet (ft3). 
= 1. 57 inches 




Example Problem #3 (Dimensionless Unit Hydrograph): Using the basin in 
Example Problem #2, determine the 2 hour-SO year storm hydrograph using a 
dimensionless unit hydrograph. Assume that the water travels 4500 ft. over 
short grass pasture with a 2\ slope. 
• STEP 1 
Find the time of concentration t using Figure 3.9. Entering the ordinate c 
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with a 2\ slope and going across until the short grass pasture line is inter-
sected, a velocity of 1.0 ft.sec. is found. The time of concentration is 
equal to 






~1~= 4500 sec or 75.00 minutes 
Determine the values of 6D, Tp and ~ 
From Equation 3.19: 60 0.133 (75.00) = 9.98 minutes; say 10 min. 
Equation 60 + 0.6 10 From 3.17: T = t 2 + 0.6(75.00) =· 50.0 min. p 2 c 2 
From Equation 3.18: ~ = 
484 AQ = 484(0.47 mi ) = 274 cfs T 0.83 hrs p 
e STEP 3 
Determine the coordinates of the dimensionless unit hydrograph. 



















































































The values of t and q are plotted to form the unit hydrograph shown in 
Figure 3 .11. 
e STEP 4 
Check to see that the volume of the unit hydrograph is equal to 1 inch. Sum up 
the values of flow in 5-minute intervals taken from the unit hydrograph. 
(0 + 8.22 + 27.40 + 52.06 + 84.94 + 128.78 + 180.84 + 224.68 + 254.82 + 271.26 + 
274.00 + 271.26 + 254.82 + 236.64 + 213.72 + 186.32 + 153.44 + 126.04 + 106.86 + 
90.42 + 76.72 + 70.00 + 56.72 +so.so+ 40.28 + 35.80 + 29.32 + 27.00 + 21.10 + 
18.00 + 15.07 + 13.00 + 10.97 + 9.00 + 7.95 + 6.85 + 5.75 + 5.00 + 4.11 + 3.50 + 
3.01 + 2.76 + 2.50 + 2.00 + 1.50 + 1.37 + 1.00) x 5 = 18377 cfs-min (*) 
ft3 · 60 sec 18337 -min x ~~~
sec min 
acre 
x 43,$60 ft2 25.26 acre-ft 
lft 1 inch x ~12 . h x 300 acres inc es 25.00 acre-ft 
25.26 - 25.00 x 100 
25.26 1.03% error 
Once the unit hydrograph has been established, the storm hydrograph may be 
developed using the temporal distribution of the rainfall. 
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Figure 3.11 Dimensionless Unit Hydrograph for 





e STEP 5 
Tabulate the accumulated runoff at 10-minute intervals for the total rainfall 




































(P(t) - 0.2 S) 2 



















Cumulative Cumulative* Incremental 
Rainfall Runoff Runoff 
Depth R(t) R(t) 



























Compute and construct the storm hydrograph. Multiplying the unit hydrograph 
in Figure 3.11 by the incremental runoff and summing values across as shown 
in Figure 3.12, the storm hydrograph presented in Figure 3.13 is developed. 
A blank form for the calculations is given in Figure 3.14. 
, 
I 1 1 l l 'J l 1 l 1 ·1 -, ") ., 
ex_c_~PRECIPITATION]!NCHESI 
Storm Unit Tin.- Hydrograph Hydrogreph I mini (cfsl 0.02 0 . 24 0.48 0. 18 0.19 0.12 0.09 0.06 0.05 0.07 0.05 0.03 lcfsl 
0 0 0 0 
10 27.40 0.55 0 0.55 
. 20 84.94 1. 70 6.58 0 8.28 
30 180.84 3.62 20.39 13 .15 0 37.16 
40 254.82 5.10 43.40 40. 77 4.93 0 94.20 
50 274.00 5.48 61.16 86.80 15.29 5.21 0 173.94 
60 254.82 5.10 65.76 22.31 32.55 16.14 3.29 0 245.15 
70 213. 72 4.27 61.16 31. S2 45.87 34.36 10.19 2.47 0 289. 7""5" 
80 1S3.44 3.07 51.29 22.31 49.32 48.42 121.10 7.64 1.64 0 ~~ 
90 106.86 2.14 36.83 02 .-S-9 4""5".Si ·n ."""CY6" [JU.-stf T6.~ 5.TO- l.j/ 0 792 .1!""2" 
""IOO" IO.TJ: T.""5J 120-:os- 73.6S ""3"8.47 48.42 : 32 ,l::H:S 22.~.; 10.85 4:25 T.""97 0 259" :-9"5" 
TIO" ""5b.TI "T.TI [m.4T """"ST.~ 7T:n 4\Y.bT ~.-SS" 24.:00 TS."79" 9.1J4 "5" ."94 T."TI lY 725:94 
"TW 40".--ZS- lr.l3T p.:r. 61. 36.83 "T9".23 29.15 f 25.65 22.93 lb.44 fU.T4 p.06 If ;-25" lY:SZ T95.:-TZ 
130 29.32 O.S9 9 67 27 23 l3..Bl 20.30 lls..AJ. .l9. .23. _JS_ ~29_ Ll < /(} h.7 .A4 9 04 2 c;.r, .l6.7 . hh 
140 21.10 0.42 7.04 19.33 10.21 14.S8 12.82 13.81 12.82 12.74 11.9.18 12 74 s 43 141.12 
lSO 15.07 0.30 5.06 14 .07 7.25 10.78 9.21 9.62 9.21 10.69 b. 7 J14 _lJ_ 70 . 7~64 115 ..31 
160 10.97 0.22 3.62 10.13 5.28 7.6S 6.81 6.90 6.41 7.67 h.4:96 12.74 8L22 _9_Q_ 61 
170 7.9S 0.16 2.63 7.23 3.80 5.57 4.83 S.10 4.60 S.34 h.o. 74 10 69 7 64 68 .33 
180 · 5.7S 0.12 l.·91 S.27 2 .71 4.01 3.S2 3.63 3.40 3.84 7.48 7.67 6_._41. 49 97 
190 4.11 0.08 1.38 3.82 1.97 2.86 2.S3 2.64 2. 42 2.84 S.37 5.34 4.60 JS ,.as 
200 3.01 0.06 0.99 2.76 1.43 2.08 1.81 1.90 1. 76 2.Ql 3.97 3.84 3_._21 2S,82 
210 2.50 0.05 0. 72 1.97 1.04 1.51 1.32 1.36 1. 27 1.47 2.82 2.84 2.30 18.67 
220 2.00 0.04 0.60 1.44 0.74 1.09 0.9S 0.99 0.90 1.06 2.05 2.01 1. 70 13 . 57 
230 1. 50 0.03 0.48 1.20 0.54 0.78 0.69 0.72 0.66 0.75 1.48 1.47 1.21 10 .01 
240 1.00 0.02 0.36 0.96 0.45 0.57 '0.49 O.S2 0.48 0.55 1.05 1.06 0.88 7.39 
~ 0 0 0.24 o. 72 0.36 0.48 0.36 0.37 0.3S 0.40 0. 77 0.75 0.63 S.43 
260 0 0.48 0.27 0.38 0.30 0.27 0.2S 0.29 0. S6 o.ss 0.4S 3.80 
270 0 0.18 0.29 0.24 0.23 0.18 0.21 0.40 0.40 0.33 2.46 
280 0 0.19 0.18 0.18 O.lS 0.15 0.29 0.29 0.24 1.67 
290 0 0.12 0.14 0.12 0.13 0.21 0.21 0.17 1.10 
300 0 0.09 0.09 0.10 0.18 0.15 0.12 0.73 
310 0 0.06 0.08 0.14 0.13 0.09 0.50 
320 0 0.05 0.11 0.10 0.08 0 .35" 
330 0 0.07 0.08 0.06 0 .21 
340 0 o.05" 0.0"'"'5" o:-ro 
"j"S"O - 0 o.w 0.03 
~ Figure 3.12 Computation of the Storm 
0 lY . 
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Chapter 4 - OPEN CHANNELS 
I - INTRODUCTION 
An open channel is a conveyance in which the liquid stream is not 
completely enclosed by solid boundaries, thus the stream has a free sur-
face subjected only to atmosph~ric pressure. Since the pressure is zero 
(gage pressure) at the surface, the energy available to cause fluid flow 
is due to changes in elevation from one section to another in the channel. 
Thus, the driving force for the flow is that component of the liquid 
weight which is along the slope of the channel. This driving force is 
resisted by a shearing force transmitted from the boundaries to the liquid. 
The principle types of open channels are natural rivers and streams, 
artificial canals, drainage ditches, sewers, tunnels, and pipelines which 
are not completely filled. 
The accurate solution of flow problems in open channels is difficult. 
Not only are reliable experimental data more difficult to secure, but there 
is a very wide range of possible flow conditions. The cross-section of 
open channels may be of any shape, from circular to the irregular forms 
of natural streams. The channel surfaces vary greatly from concrete-
lined channels to boulders, trees and other vegetation which occur in 
natural channels. In addition, the bed of the channel may be changing 
with time as erosion and deposition of bed materials occur during changing 
flow conditions. 
This chapter discusses the geometry and classification of open channels 
and the methods of flow computation, analysis and design. 
I(a) Channel Geometry 
A few definitions and relationships will be useful in the discussion 
of open channel flow. The term channel section, refers to the cross-
section of the channel normal to the direction of flow. Natural channel 
sections are usually very irregular. Artificial channels (man-made) however 
are usually designed with sections of a regular geometric shape. When these 
sections are of regular shape, certain geometric elements of the section can 
be easily derived, based on the dimensions of the section and the depth of 
flow. If the section is irregular, these elements can be determined 
graphically. 
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The depth of flow, y, is the vertical distance from the liquid surface 
to the lowest point of the channel section. This depth of flow is often 
used interchangeably with the depth of the flow section, d. Strictly 
speaking, d is measured normal to the flow while y is measured vertically. 
It is only in channels with a steep longitudinal slope that there is a 
significant difference in the two values. (See Figure 4.1) 
The top width, T, is the width of the channel section at the free 
surface. The water area, A, is the cross-sectional area of the flow normal 
to the direction of flow. The wetted perimeter, P, is defined as the length 
of the solid channel boundary in contact with the fluid in a given cross-
section. The hydraulic radius, R, is defined as the area divided by the 
wetted perimeter (R = A/P) . 
The hydraulic depth, D, is defined as the area divided by the top 
width (D A/T). Finally, the section factor, Z, which will be used later, 
is defined as the area times the square root of the hydraulic depth 
(Z = A/I)). Table 4.1 presents all the geometric factors for some 
conunonly occurring sections. 
I(b) Classification of Flow in Open Channels 
Since flow in open channels involves a free surface or interface, it 
has many degrees of freedom. The various classifications for these condi-
tions include uniform and non-uniform (varied) flow; steady or unsteady 
flow; and supercritical (rapid) or subcritical flow (tranquil). 
Uniform flow exists when the depth of flow does not change throughout 
a reach with~ constant slope and cross section. Obviously, this condition 
rarely occurs in nature. For uniform flow to exist, the drop in potential 
energy due to the fall in elevation along the channel must be consumed, 
exactly, by the energy dissipation due to boundary friction and turbulence. 
Non-uniform flow occurs when there is a change in depth due to a slope 
change, a barrier or drop or a change in the cross-section so that the 
velocity increases or decreases in the direction of the flow. This type of 
flow is termed varied flow -- gradually varied flow if changes occur slowly, 
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Steady flow occurs when the velocity at a point does not change with 
time -- that is 6V/6t = 0. When the flow is unsteady, 6V/6t 1 0. This case 
is difficult to analyze unless the change with time is sufficiently slow to 
permit a step type of analysis. Examples of unsteady flow are traveling 
surges and flood waves in an open channel. 
The determination of subcritical and supercritical flow is based on 
the Froude number (F = v/./gD), which is the ratio of the inertial force to 
that of gravity. More detail will follow, but it will suffice at this po i nt 
to say that: F < 1.0 is subcritical (tranquil) flow, F = 1.0 is critical flow 
and F > 1.0 is supercritical (rapid) flow. 
In surranary, flow in open channels may be broken down into three classi-
fications: 
1. uniform or non-uniform 
2. steady or unsteady 
3. subcritical or supercritical 
I(c) Application of the Energy Equation to Open Channels 
In Figure 4.1 the geometric elements of open channel flow discussed in 
Section I(a) are shown. If the energy equation is written between points 
1 and 2 along the channel, the following relationship is found. 
v 2 p 
i+i+ 2g y zl 
where hL 
y 
=head loss through reach (L). 
specific weight of water (lbs/ft3 ). 
(4.1) 
Since atmospheric pressure acts on the free surface, the pressure terms 
becomes zero (gage pressure); and if the distance above the datum is written 
as (z + y), Equation 4.1 becomes: 
(4.2) 
For small bed slopes (S
0
) the values of z 1and z 2 are essentially equal, 
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(zl +Yi) - (z2 + Y2) 
SW = -----,l _ ____.:;; _ __::__ 
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v2 Energy Grade Line = ~ + z + y 
hl 
Energy Grade Line Slope: S = -l--




2g + yl 
v 2 
2 
2g + y + h 2 L (4.3) 
In Figure 4.1, S is defined as the water surface slope which for small w 
slopes may be written as: 
s w 
Y1 - Y2 
2 
The slope of the energy grade line is observed to be: 
(4.4) 
(4.5) 
In uniform flow, the water surface slope (S ), the energy slope (S) and w 
the bed slope (S ) are all equal to one another. 
0 
II - EQUATIONS FOR UNIFORM FLOW 
One of the most widely used formulas for open channel flow is the Manning 
Equation. In English units, the formula is written as: 
Q = 1.49 (R) 2/3 A(S) 1/2 
n 
where Q = volumetric flow rate (cfs) 
hydraulic radius (ft) 




s channel slope (ft/ft) or slope of the energy grade line (ft/ft) 
n = Manning's roughness coefficient 
(A nomograph solution of Equation 4.6 for circular pipe is given in 
Figure 4.21.) 
The same equation may be used with System International Units if the 
1.49 factor is omitted. Table 4.2 includes various roughness factors for 
natural and man-made open channels. 
It should be emphasized that strictly speaking, the Manning Equation 
applies only to uniform flow of water (S = S
0 
= Sw); although as will be 
shown later, it may also be applied to slowly varied non-uniform flow. 
Example #1 at the end of this chapter will help to illustrate the use of this 
equation. 
When the Manning Equation is used for open channels, the computations 








Table 4.2 Values of Manning's Roughness coefficient 
( Federal Highway Administration, 1973 ) 
Mannlnc'a 
I. 0-4 e<>H•lla: • nDP 1 
A. <'onrn-tt pipe .•••.•••••••••••••••••••••••••••••••••••••• 0.011 ... 011 
II. Corru~atrd-mctal pipe or plp&-ercb: 
I . 21> hy !Hn. <OrTUiatloo (riveted ptpe): • 
a . 1'1"1n or lully C06trd... ...... . ............... . . .... O.nt 
b. l'oveJ lm·rrt (ranee 'Hllml are for 25 ud » per-t 
of clrcumltttnee pend) : 
(I) Flow lull dtpth._ •••.•.••••••••••••••••••••••• 0.021-0.0ll 
(71 Flow O.ll depth ••••••••••••••••••• ·-··········· O.O:t-0.011 
(3) .-Sow O.t ckpth •••••••••••••••••••••••••••••••• 0.0IH. 013 
%. 6 hy Z.ln. cor.uptloa (field bolted)................... O.OI 
C. VllrlllcJ cloy pipe ••• ••••••••••••••••••••••••••••••••••• O.OIH.014 
I>. C1L<l·lron plpt, -ted................................. 0.011 
~: t·r~~~'.~::::::::::::::::::::::::::::::::::::::::::::::: ::=:::::::~ 
0 . Monolllhlc~: 
1. w ooJ lorms, roucb. •••••••••••••••••••••••••••••••••• O. OIH. 017 
2. WooJ lorms, smooth •••••.••••••••••••••••••••••••••• O.Oll-0.014 
3. Heel lorms .•••••••••••••••••••••••••••••••••••••••••• O.OIH.011 
B. C•m• ntrd rubble muoarr ...US: 
I. (.;on~te ftoor uid top·························-···· 0. 017-0. 1122 
2. N otural ftoor ••••••••••••••••• • ••••••••••••••••••• •••• 0. 019-0. 02S 
I. Laminated trtated wood. ••••••••••••••••••••••••••••••• 0. OIH. 017 
J . Vltrilled claJ lilw p!Mel. ••••••••••••• _................ 0.01$ 
II. ()pen cua..ele. 11-4 I (stral&ht al~): t 
A . Concrl'tC, with surfaeel u Indicated: 
I. ~·or med , no !lnlsb •••••••••••••••••••••••••••••••••••• O. OIH. 017 
2. Tro•·rl ftnlsh •••••••••••••••••••••••• ••••••••••••••••• 0.0IH.OH 
3. ··1oat llnlsh •••••••••••••••••••••••••••••••••••••••••• O. OIH. 016 
4. float 11.nlsh, some cruel Oil bottom •••••••••••••••••• O.Ols-4.017 
~- llumtt, iood atetlon ••••••••••••••••••••••••••••••••• 0. 016-0.01' 
G. Uunitt, wav1-iloa •••• •••• •••••••••••••••••••••••• O. OIM.022 
B. Conrrtie, bottom lloet 11.nbbed, slda u IDdic:Med: 
I. l>ressed stone In mortar •••••••••••••••••••••••••••••• O.OlH.017 
2. HNtdom stone In mortar • ••••••• ••••• • ••••••••••••••• 0. 017-0. 020 
3. Ctmcnt rubble masonrJ'. •• •.••••••••••••••••••••• ••• 0. 020-0. 02S 
4. Ctmmt rubble muoarr, plut.end ••••••••••••••••••• 0.016-0.020 
~- l>ry rubble (ripnp) •••••••••••••••••••••••••••••••••• 0.020-4.IDO 
C. o .... ~e1 bottom, sides u lndlcated: 
1. Formed eooerete ••••••••••••••••••••••••••••••••••••• 0. 017-0. Cdll 
2. Handom stone In mor1ar ••••••••••••••••••••••••••••• 0. m-o. 02I 
3. Dry rubble (rlpnp) •••••••••••••••••••••••••••••••••• 0. ~cm 
D . Briel< ••••••••••••••••••••••••••••••••••••••••••••••••••• 0.014-G.017 
E. t•~::c!!ih. ·····································-······ 0.011 2. Rouch............................................... 1.011 
b-. ~.r~~ =-~""*·:············ · ············ 0.011 ... 011 
I. Oood section ••••••••••••••••••••••••••••••••••••••••• 0. 017-0. 020 
2. lrrttt11lar section...................................... 0. m--0. 027 
Ill. Open CMHele, .......... I (etralaht allnemet,• M&unl 
lining): 
A . Earth, uniform 99ClloG: 
I. Clean, ucently eompleied •••••••••••••••••••••••••••• 0, 016-0.011 
2. Clean, alter wcatherlDC • ••••••••••••••••••••••••••••• 0. OUHI. 020 
3. With •hort !(rt.SS, few ..-Is . ..•• •..•.•••..•.....•..•• 0.~.027 
4. In l{ravclly soil, uniform section, clean.. ••.•.•••••••••• 0. 02)-0. 02I 
B. Ear1h. lairly uniform MC:tloD: 
I. No '""lt•tatlon •••••• •••••••••••••••••••••••••••••••••• 0.02l-0. 021 
2. Oras.•. some weeda ••••••••••••.•••••••••••••••••••••• •.~.030 
3. I k-11se wttds or aquatic: plUlU In deep cbunell •••••• I. OOCHI. 03$ 
4. 1:.'ldts <iean, l(raTtl bottom .••••••••••••••••••••••••••• o.~.OJO 
5. Sldts cl<an, cobble bottom •• •• ••••••••••••••••••••••• I. 0»-4. CHO 
C. l>rB1:liJ1e uca.-atcd or dndaed: 
I. No ,.tl<etatlon •• .••••••••••••••••••••••••••••••••••••• 0. 02S-0. Oii 
2. L1~ht brush on benka •••••••••••••••••••••••••••••••• e.-... oeo 
D. Rock: 
I. Uased OD deslcn .alon.............................. o. oaa 
2. Ba."'d on actual m~ aectlon: 
a . !'mooth and uniform •••••••••••••••••••••••••••••• O.~CMO 
b. J &~Jed and lrrl'l!Ular .••• •••• ••.•••••••••••• •••••••• 0. 040-4. OU 
E . Cha.nnrll not malnta!Jiod, wetds and brmb uncat: 
I. I ><-nse wttd.•. hiJh as ftow d~pth •.• .••••••••••••••..• O. o.Hl. 11 
2. Cl .. an bottom, bru>h OD al<JtS.. ••.••••• •••••••••••••• 0. CIS-0. Oii 
3. Ck'&n bottom, brush on 1kla. hlsbestttace ol flow... 0. 07-0. II 
4. Vense brush, hl1h •tac•... .. ......................... 0. 10-4. U 
IY. Hllf•wa1 c .. •-a114 ewalee •It•.,.,,.._._..~ 11 
A. v;::::r: .:r;:: ~\~~.;1:::~1cs ol 2 anti I !.p.a.): M__,.a 
I. lJttmuda«ras.., Krntucltr b~us. buftalocn9: • nnce 1 
a. Mow..J to 2 Inches •••••• •••••••••••••• •••••••••••• 0.07-0. CKI 
b. Lrn~tb 4~ Inches....................... .......... 0. Ot-O. 06 
2. Oood stand, uiy l(raSS: 
a. Lenil h about I~ lncbea................. ....... .... 0. UHi. 00 
b. Leaith about 24 lncbo9............ . ............... 0. 30-0. IS 
a. Fair stand, any crass: 
a. Leni:tb about 12 lncbea.......... ..... .............. 0. 14-G. Oii 
b. LC'nith about 24 lncbes....... ..................... 0. 2S-4. 11 
B. De~ ftow 0.7-1.5 Ifft: 
I. L M:~:f::'i .!.:~~-~-~~-~~~~: .... 0.0H. Oli 
b. Lenith 4 toe Inches............................... o. 0&-0. 06 
2. Oood atand, aar crass: 
a. Lenith about 12 lncbo9.. •••••• ••••••• •••••••••• ••• 0.1>-G. 07 
b. Lene th about 24 lncba...... •• • •• •. •••••.• •. . . • .• . 0. llHl. II 
s . Fair stand, anr crus: 
a. Lencth about 12 lncbea............................ O. l<HI. OS 
b. Lencth about 24 lncblll............................ 0.17-0. 00 
1'. SCrMtalHl--wa1...--: 
A. Concrtte iutter, trowdtd ftn111L •••••••••••••••••••••••• 
B. t'&:::1~ti:=::: .................................... . 
2. Roush tenure . ••••••••••••••••••••••••••• • • ••••••••• 
C. Con~te cutts with asphalt p1n•ement: 
1. Smooth •••••••••••••••••••••••••••••••••••••••••••••• 
2. Roush ••••••••••••••••••••••••••••••••••••••••••••••• 
D. Conettte pe._t: 
I. Float llnlsb ..... .......... ......... ................ • • • 
2. Broom llnlah ••••• •••.•. •••••••.•••••••••••••••••••••• 
E. For iuttttt wttb small slope, wlwnl aedbMat mar _.. 
mutate, In~ abo.,. values ol • by ••••••••••••••••• 
VL Nelwel -• c•"-'' A. J\llnor sueamo • (1Urlace width aUlood •tace 1- than 100 
ft.) : 








I . FalrlJ~lllr~loD: 
a. Some irass and weeds, Httle oc no brush ••••••••••• 0. 03IHI. OM 
b . Dense l(rowtb ol weeds, dtpth ol llow 111&terlall1 
!(realer lhan wttd hr'itht •••••••••••••••••••••••••• O.OJH.05 
c. Some weed>, lliht brU>h oo banks ••••••••••••••••• 0. OJH. 05 
d . Some weeds, huvy brush on banks •.••••••••••••• 0.~.07 
o. Some wctds, dcn.<e • ·illows on banks.............. O.otHl.08 
I. •·or tr..., within channel, wllh bruiches submersed 
at hiih >t••· Increase all abon values by .•••••• 0.01-4.0I 
2. lrttKulor wctlons. with pools, shd1t channel meuider; 
lncnase •aluc.s 1lv•n in I•~ about •...•••••••••.••• 0.01-4.0I 
a. Mountain s~ws, no vtietation In cha~ bank• 
usually 1lt\'J>. tretS and brush alone aub-
mer~ed al hl~h st•e: 
a. Bottom ol cravtl, cobbles. and lew boulden....... 0. 04-0. 05 
b . Uottom ol cob bk>$, • ·ith large bouldtts.. •• .•• ••••• O. OH. 07 
B. Flood plains (acl)a«nl to natural stroama): 
I . Pasture, DO bruab: 
.. Short KJ'UI ••• •••••••••••••••••••••••••••••••• ••• • • 0. 030-0. Gii 
b. High,,... •• •••••.••••••••••••••••••••• ••••••••••• O.~OS 
2. Cu!Untod areaa: 
a. No Cl'Op. •••••••••••••••••••••••••••••••••••••••••• 0. 03-G. 06 
b . Maturerowcrop1 ••.•.••••••••••••••.•••••.••••••• O.~OU 
c. J\loture fltld cmps ..•. •••• •••••••••.•••• •••••• ••••• 0.~05 
I . ll•nJ we•ds. ""'tiered brulh........................ O.o.Hl.07 
4. LIJht brush uid tre .. : 11 
a . Wln!tt. ...... •••••.• •••••• •• •••••••••.. ••• •. . . •••• o. OS-O. OS 
b. Summer ••••••••• ••••••• ••••••••••••••.••••••••••• 0. 06-0.0ll 
6. Me<llurn to deMO brush: 11 
" · Winter ••••••••••.•.••••••••••••••••••••••••••••••• 0.07~ II 
b. Summer....................................... 0. 10-0. JI 
I . l'k-nse •1llow1, summer, not bent over hy current.... 0. I.HI.» 
7. Clurtd land with trct 1ti;mps. l~I~ per acre: 
a. Sosprouu .••.•••.••.••••• ••••• •••••.•• ••••••••••• O.OC-0.05 
h. With ht>avy l(rowtb oflprouts............. .• . •• ..• 0. 06-0. 0ii 
I . Houy •tand O( l)mbcr, a lew down ttt.u, llttle under· 
po•.-th: 
• · Flood d•plh bfolnw branches...................... 0. ICHI. 12 
h. Flood depth roarlit< branch<•...... ..... . . ... . . ... 0. 12-G. 11 
C. Mal<>< strtoru (<urf~.-.· • ·ldlh :tt ftood •ta«• more tluul 
100 Cl.) : .kouihn•"-' to<'llklrnt ls u<ually l•M than for 
minor •tr•ams ol similar dtscrl11llon nn att0unl ur It.as 
tft•·rtivr rf'sblanct ottrn-d by trrt~lar .. ntu or •ec• 
talion on hank•. \"alurs of " msy he rom•whAI re-
duced. Fullow re tommondfttlon In puhlicntlon clltd • 
11 l>O"lhle. The valut or " !or la11.r olresms nl most 
r•JUlat 9e<:llOO. with nu boultlcrs or brush, nuy be lo the 
ranee of............ . . . . . . . . . . • • • • •. . . . . . . . . . . . . . • •• . . . o. O'JIHI. OJI 
4-7 
4-8 
1. The normal discharge, Q 
2. The mean velocity of flow, V 
3. The normal depth, yn, associated with steady, uniform flow 
4. The channel roughness coefficient, n 
5. The channel slope, s 
0 
6. The geometric elements which depend upon the shape of the chan~el 
section, such as A, R, etc. 
When any four of the above variables are given, the remaining two may be 
obtained using Equation 4.6 and the continuity equation, Q = AV. The 
following is a list of some of the possible problems in flow computation. 
(a) The computation of the normal discharge, Q. In practical appli-
cations, this computation is required to determine the capacity 
of the channel section. 
(b) To determine the velocity. This velocity is often required for 
the study of scouring and silting in channels. 
(c) To compute the normal depth. This computation is necessary for 
the determination of the stage of flow in a given channel. 
(d) The determination of the channel roughness. This computation is 
used to ascertain the roughness coefficient in a given channel 
which can then be used in similar channels. 
(e) The computation of the channel slope. This is needed for the 
adjustment of the slope in a given channel. 
(f) The determination of the channel dimensions. This is needed in 
the design of open channels. 
II(a) The Section Factor for Uniform Flow Computation 
The expression A(R) 2/ 3 is called the section factor for uniform flow 
computation. By rearranging the terms of Equation 4.6 the following ex-
pression is found. 




The left side of this equation depends only on the geometry of the 
section. Since A(R) 213 is a function of the normal depth y , the values of 







The right-hand side of the equation depends upon the physical character-
istics of the channel (n and S) and the flowrate (Q). Therefore, the equation 
shows that for a given geometric section there is only one possible depth for 
2/3 maintaining uniform flow, provided that the values of A(R) always increase 
with depth, which is true in most cases (circular sections being the notable 
exceptions). 
Equation 4.7 is a very useful tool for the computation and analysis of 
uniform flow. With a given discharge, slope and roughness, a section factor 
A(R)
2
/ 3 and hence the normal depth y may be found. 
n 
Figure 4.2 has been provided to simplify the computations. This figure 
has dimensionless curves which show the relationship between the normal depth 
and section factor for rectangular, trapezoidal and circular sections. Ex-
ample #3 at the end of this chapter illustrates the use of this figure. 
II(b) Specific Energy 
Specific energy in a channel section is defined as the energy per weight 
of water flowing at any section of a channel, measured with respect to the 
channel bottom. Specific energy may be reduced to a dimension of feet. 
From Equation 4.2, it can be shown that the total energy at a section is 
equal to the sum of the potential and kinetic energy, if losses are neglected. 
v2 
- + y + z 2g CONSTANT 
If the datum is taken at the channel bottom, the specific energy E is 
given by 
v2 
E = y + -2g (4.B) 
which indicates that the specific energy is equal to the sum of the veloci-
ty head and the water depth. From continuity equation (V = Q/A) we can 
rewrite Equation 4.8 as: 




( 4. 9) 
It is easily shown therefore, that the specific energy for a given channel 
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and discharge is a function of the depth of flow only. 
If the flow depth is plotted against the specific energy for a given 
channel section and discharge, a specific energy curve is obtained (Figure 
4.3). This curve shows that for a given specific energy, there are two 
possible depths which correspond to that specific energy. It is also ob-
served that at point C, a minimum specific energy occurs. It will be seen 
later that this point corresponds to a critical state of flow. At this 
point, the two alternate depths of flow apparently become one. This depth 
is termed the critical depth y • c 
When the depth of flow is larger than the critical depth, the velocity 
of flow is less than the critical velocity, and this flow is called subcritical. 
It should be noted that at or near the critical depth, the flow is unstable. 
This is because a minor change in the specific energy in this region will 
cause a major change in depth. Thus flow near the critical depth is often wavy. 
If the discharge changes, the specific energy will change accordingly 
as shown in Figure 4.3. It will be seen later that as the channel slope is 
increased, for a given discharge and cross-sectional shape, the flow will 





Figure 4.3 Specific-energy Curve (Chow, 1959) 
II(c) Criterion for Critical State of Flow 
The critical state of flow has been defined as the condition for which 
the Froude number is equal to 1 (Section I(b)). It can also be shown that 
the critical state of flow occurs when the specific energy is a minimum for 
a given discharge. A theoretical criterion for critical flow may be 




If Equation 4.9 is differentiated with respect· toy, and noting that 
Q is a constant, Equation 4.10 is obtained 
dE 1 - Q2 dA 1 v
2 dA (4.10) -= -
dy gA3 dy gA dy 
differential water area dA near the surface is equal to Tdy. We have .. - -·-· ··-----· 
seen that the hydraulic depth D = A/T and since dA/dy = T, Equation 4.10 
becomes: 
dE = l _ Q4T = l _ ~ = l _ v2 
dy gA3 gA2D gD 
(4 .11) 
At the critical state of flow, the specific energy is a minimum (dE/dy = 0). 
Therefore Equation 4.11 becomes: 
V2 D -= 
2g 2 
(4.12) 
This is the criterion for critical flow, which simply states that at the 
critical flow state the velocity head is equal to one half the hydraulic 
depth. Equation 4.12 may also be written as: v/90 = 1 (which as berore 
states that the Froude number is equal to one). 
Solving Equation 4.11 in a different manner for dE/dy = 0, the following 
expression is obtained. 
~=l=Q2T 
gA2D gA3 
Solving for Q gives 
Q = [ •A3]1/2 [ 2 ~1/2 ~ = g•A •D T 
( 4 .13) 
( 4 .14) 
Equation 4.14 demonstrates that at critical conditions, the flow depends upon 
the flow depth only, and is not dependent upon the slope, roughness or water 
properties. 
II(d) Computation of Critical Flow Depth 
Since the computation of critical depth will be of importance in later work, 
several methods of its computation will be investigated. 
The section factor SF for critical-flow computation was defined as 
Z = AIT5. If this is substituted into Equation 4.14, then the following 
expression is obtained. 










Equat~on 4.15 is very useful in the computation of critical flow in open 
channels. For a given discharge, the section factor qnd consequently the depth 
may be determined. While on the other hand, if the depth is given, Z and 
the critical discharge may be determined. 
Figure 4.4 is an aid in these computations. These are dimensionless 
curves of Z versus the critical depth y , for circular, rectangular and c 
trapezoidal slopes. Ex~ple 4 illustrates the computation of critical depth, 
with and without the use of Figure 4.4. 
II(e) Steady Uniform Flow in a Floodway 
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A practical open channel problem of importance is the computation of 
discharge through a natural floodway. The figure below shows a hypothetical case. 
-- -'---
Flow in a Floodway 
In general, the floodway is rougher than the river channel, and the depth is much 
less. The slope of the energy grade-line for the two are the same and the dis-
charge is determined for each section separately. Using the dashed line in the 
above figure, the discharges for each section are computed separately to determine 
the total dishcarge of the system. 
Since both sections have the same slope, the total discharge may be 
expressed as : 






= (Kl + K2) IS 







K is a function of Mannings' n and the depth only. Example #5 illustrates the 
use of these equations. 
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III - DESIGN CRITERIA FOR UNIFORM FLOW 
III(a) Site Selection 
Drainage channels provide surface drainage and must be placed where 
they will adequately perform their drainage functions. In rural areas, as 
well as urban areas, topography, location of highways, structures, and 
other obstacles largely fix the location, alignment, and grade of the 
channel and determine the quantity of surface water entering it. 
Design of the channel is dependent upon two principles. The first 
principle dictates that the design be in harmony with the physical laws 
and properties that control such items as topography, construction materials, 
and the hydraulics itself. Although the first two items are rather obvious, 
the last one has hidden implications. Although a cross-section can be 
determined to handle flows for normal conditions, more than often, these 
same cross-sections will be used for conditions that do not strictly apply. 
Designing a channel with a sharp curve using the exact same design section 
as the straight-run portion could lead to erosion of the curve to the point 
of failure. Assuming the flow as being uniform, where in fact it is gradu-
ally varied, could in some instances result in the channel being overtopped 
somewhere upstream. 
The second principle points out that the design layout of the drainage 
system requires knowledge and experience relating to both construction and 
maintenance. Construction involves the initial capital investment relating 
suitable channel sections, necessary safety precautions, types of channel 
lining for erosion protection, and aesthetics. Maintenance assures 
that the desired function of the channel survives. Consideration 
of both costs and benefits must be evaluated before any final decision may 
be concluded. 
The actual layout of the drainage system should preferably be made 
on a topographic map which contains the location of all obstructions, and the 
accentuated ridge and drainage lines. In most cases it is sufficient to 
follow the natural grade lines of the drainage paths while in some in-
stances these natural drainages must be intercepted and altered. 
The approximate grade of the channel is computed from the topographic 
map. The grade affects both the size of the channel required to carry a 
given flow and the velocity at which the flow occurs. The flow should be 
subcritical whenever possible. Changes in channel alignment should be as 
4-15 
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gradual as the width of right-of-way and terrain permit. Whenever practi-
cable, changes in alignment should be made in the r eaches of the channel 
which have flatter slopes, particularly if the flow becomes supercritical 
on the steeper slopes. 
Selection of the type of channel lining used; grass, earth, or artifi-
cial, can influence the location. An impermeable lined channel could be 
constructed in a sandy area whereas another type could not. The eventual 
selection must be based on the function or purpose of the channel itself. 
This choice must consider alternate proposals that achieve the same goals. 
III(b) Channel Cross-section Selection 
For a channel conveying a given discharge for a given slope and 
roughnes s factor "n", some cross-section shapes are more efficient than 
others. When a channel is constructed11 the costs are a function of the 
excavation and lining, both of which should be minimized. Based on the 
Manning equation, it can be shown that when the area of cross-section is 
minimum, the wetted perimeter is also minimum. This implies that both 
lining and excavation costs approach their minimum value for the same 
dimensional channel. Therefore, the best hydraulic section for a lined 
channel is one that has the least wetted perimeter, or its equivalent, and 
the least area for the type of section. 
The geometric elements of six best hydraulic sections are listed below 
in Table 4.3. These sections may not always be practical owing to the 
Table 4.3 Best Hydraulic Sections ( Chow, 1959 ) 
Arca Wetted Hydraulic Top llydrau- Section CC088 section A pcrimct.cr radius wi<lth lie depth factor p R T D z 
Trapezoid, half 
Var' 2 .y3, % Va~ of a hexagon ~r ~, ~, ... 
Rectangle, half 
of a square 2r1 411 ~y 2y , 2111·• 
Triangle, half of 





~ , ... -y• ry 211 4r 2 4 
Parabola, 
T - 2v'2r '~ v'2 y• '~ v'211 "1 2 Viv Jb " Va, •.• Hydrostatic 










difficulties in construction and in the use of materia ls. In general, a 
channel selection by use of the best hydraulic efficiency gives a good 
starting point for design. Modifications for practibility, safety, or 
other imposed limits could be applied to these cross-sections. Owing to 
the fact that Table 4.3 is not in a directly usable form, and due to the 
fact that most channels are designed in the shape of trapezoids, a 
nomograph method of design is presented in this section under "Design 
Procedures" (Section III(e)) that will increase the efficiency of the 
designer. The nomograph procedure is additionally helpful owing to the 
fact that the "best" section can be determined at various side-slopes 
that deviate from the optimum. 
One other factor might affect final cross-section selection. The 
best hydraulic section gives the minimum excavation only if the water 
surface is at the level of the bank top. Where the water surface is 
below the bank top, channels narrower than those of the best hydraulic 
section will given minimum excavation. 
Figure 4.5 gives freeboard heights that will take into account factors 
such as wave action due to wind that create the need for such addi-
tional depths of channels. Figure -4:5 also provides reconmendations on the 
height of any artificial lining that may be used. Freeboard is reccxnmended 
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Figure 4.5 Recommended Freeboard and Height of Bank for Lined Channels 
(U.S. Bureau of Reclamation) 
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Up to this point, the principle of best hydraulic section has been 
applied only to the design of non-erodible lined channels. In channels of 
this nature, high velocities may be tolerated. For erodible channels, 
the best hydraulic section must be modified to take into account the 
limits placed on excessive velocities. 
In addition to the above criteria relating to channel cross-section 
selection, other factors must be considered. In urban areas, safety 
consideration may dictate the maximum side slopes and depths of flow 
which are desirable. If the channel is grassed and mowing of this side 
slope is necessary, the maximum slope is dictated by the ease with which 
it can be maintained. 
III(c} Roughness Coefficients 
The greatest difficulty in using any of the various formulas for cal-
culating the discharge capacity of channel, is the determination of a 
roughness coefficient. Since this manual makes extensive use of the 
Manning equation and because Manning's roughness coefficient "n" may be 
related to all other coefficients, the following discussion applies to 
selecting an appropriate value for Manning's "n" from Table 4.2. 
A selection of a value of "n" implies that one is attempting to estimate 
the resistance to flow in a given channel. Before one can make any decision 
on that selection, the various factors that affect resistance must be 
understood. The first factor must be surface roughness. In one sense, 
surface roughness is represented by the size and shape of the grains of the 
material forming the wetted perimeter and producing a retarding effect on 
the flow. In a lined channel it is based on the artificial surface; whereas 
in a natural channel, it is based on the composition of grain sizes 
that make up the bed and sides. 
Vegetation may also be regarded as a kind of surface roughness since 
it also produces a retarding effect on the flow. This effect is a function 
of the height, deni;ity, distribution, and type of vegetation. Any natural 
or artificial phenomena that affects the pattern or state of growth would 
also affect the roughness coefficients. The most prominent would be seasonal 
change. In this instance, "n" may increase in the growing season and diminish 








Obstructions in the channel are also regarded as a surface rough-
ness, but not directly linked to the channel itself. Such debris may be 
removed, but in any case the effect is identical: retardation of the flow. 
The amount of increase in "n", and therefore decrease in flow, depends on the 
nature of the obstructions, their size, shape, number, and distribution. A 
side effect of obstructions, other than surface roughness, is the creation 
of vortices and eddies that would cause an increase in turbulence and scour, 
and therefore, a decrease in available energy for transportation of flow. 
Such conditions would appear as an increase in the value of "n". 
Suspended material and bed load when moving requires energy above that 
necessary to transport the water itself. The direct effect of the consumption 
of energy is to cause an additional head loss and, therefore, cause an 
apparent increase in channel roughness. Even when the bed load is not moving, 
the increase in obstructions causes increased turbulence. In either case, 
one would expect an increase in the value of "n". 
Up to this point, the channel alignment was considered straight. Smooth 
curvature with large radius will provide a relatively low increase of 
"n", whereas sharp curvature with severe meandering will provide high in-
creases of "n". The degree of meandering of a channel of course, dictates 
the final correction along with the type of material used. For artificial 
channels it has been suggested that the value of "n" be increased 0.001 for 
each 20 degrees of curvature in 100 feet of channel. The meandering of 
natural streams on the other hand may cause extensive variation of "n". 
For severe meandering the "n" value is usually increased by 30 percent, 
whereas for appreciable meandering the increase is 15 percent. 
For natural channels, the coefficient of roughness is a function of 
stage and discharge. When the stage and discharge are low, the irregulari-
ties of the channel are exposed and their effects pronounced. As the stage 
increases, the sides or banks could relatively increase or decrease the 
roughness, depending on the composition and presence of obstructions. If 
water stage becomes too high, the water will flow out of its banks and 
thus change the relative roughness again. In cases of this nature, it is 
best to break the channel into separate sections and simply find a mean for 
the value of "n". One such method has been developed, under the assumption 
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that the total force resisting flow is equal to the sum of the forces 
resisting the flow in the subdivided areas. By this assumption, the 
equivalent roughness coefficient is 
[
i(P.n.zJl/2 
n = l J J J = v2 p 






perimeter for entire cross-section 
perimeter for each subsection 
n = equivalent roughness coefficient 
n.= roughness coefficient for each subsection 
J 
III(d) Design Practices 
(4.18) 
Open channels may be broadly classified into rigid, lined, non-erodible 
channels and erodible channels which may be lined with grass, rip-rap, or 
even the bare soil itself. The design procedures for these two classes are 
distinctly different. Non-erodible, lined channels are the easiest to 
design. The major factors to consider are the kind of material forming the 
channel lining, the minimum velocity to avoid deposition if the water 
carries silt or debris, the channel bottom slope and side slopes, the 
freeboard, and the most efficient section. 
The purpose of the lining is usually to prevent erosion, but in some 
instances, it may be employed to check seepage losses. Normally, excessive 
velocities can be ignored unless the water carries sand or gravel that may 
erode the strongest of channel linings, or unless the velocity is so high 
that there is a tendency of the water to pick up and move lining material. 
Such high velocities are extremely dangerous from the stand point of safety also. 
The minimum velocity is the lowest velocity that will prevent either the 
start of sedimentation or the growth of aquatic plants and moss. This ve-
locity is very uncertain and exact values are dependent upon many factors. 
What has generally been accepted, is to maintain a minimum mean velocity of 
three f eet per second when the percentage of silt is small. 
Channel bottoms and side s lopes are usually restricted by the amount 
of space that is availabe. In populated areas, flat side slopPs are safer 
on two counts . If someone should fall into the channel it is easier for 






any vehicle that should stray into the channel may exit with minimal damage 
to the driver or the channel. The final selection of the side slopes and 
bottom width will dictate the depth of flow in the channel. This may be 
important as far as aesthetics or other intangible design inputs. 
The freeboard of a channel is the additional vertical distance from the 
design water surface to the top of the channel. Besides providing addi-
tional capacity, its major role is to provide sufficient height to prevent 
waves or fluctuation in water surface from overflowing the sides. Since 
no universally accepted rule exists for the determination of freeboard 
however, the curves presented in Figure 4.5 represent a safe approach. 
Figure 4.5 also provides a guide to the height of lining that should 
extend above the water surface. If the underlying soil is susceptible to 
erosion, then the channel lining or some other stabilizing material must 
continue to the top of the channel. 
The design of erodible channels presents the engineer with the greatest 
problem. Most channels, for cost reasons, must be unlined and it is 
necessary therefore that they be so proportioned as to prevent silting or 
scouring in objectionable quantities. The velocities of flow at all points 
of the cross-section must be sufficient to transport through the channel 
all sediment that enters it; however, the velocities must be low enough, 
at all points, to prevent scouring of erodible linings. 
The present state of sedimentation theory is inadequate to permit a 
precise design for channels, but it is advanced far enough to give one 
a workable methodology. Channel design however, must still be based in large 
measure on engineering experience and judgement. 
A method based on the concept of tractive force has been developed 
by engineers and consultants of the U.S. Bureau of Reclamation. The 
rationale of the solution is simple. When water flows in a channel, a 
force is exerted that acts in the direction of flow on the channel bed. This 
force, which is simply the pull of water on the wetted surface, is known 
as the tractive force. 






(4 . 19) 
the average bed shear force or tractive force (lb/ft2). 
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This is the average unit tractive force whereas the magnitude actually 
varies along the wetted perimeter as shown in Figure 4.6. 
--- ---
K, ')'DS 
Figure 4.6 Tractive Stress Distribution on Channel Bed 
The coefficients KS and ~, for maximum shear on the sides and bottom, 
respectively, depend on the width-depth ratio, B/D, and the side-slope z. 
However, for channels of ordinary size and shape (where B/D is greater 
than 3.0) the values of K5 and~ may be taken as 0.75 and 1.0, respectively. 
Thus, the maximum tractive force on the side-slope is only about 3/4 
that on the bottom. This might imply that only the bottom is the critical 
point and one can ignore sides. However, motion of soil particles on the 
side-slope is also assisted by gravity, so that the resultant effect of 
tractive force and gravitational force is often such as to cause the 
critical point for incipient scour to be on the side rather than the 
bottom. 
It can be shown that the ratio of the tractive force on the sides 






angle of the side-slope 
angle of repos e for the soil 
(4.20) 




Therefore, by calculating the permissible tractive force on the bottom, 
it is easy to determine the permissible tractive force on the sides. 
Equating this with the maximum tractive force on the channel section, a 
workable design can be developed. 
A modification to the tractive force approach for erodible channel 
design is the concept of maximum permissible depth of flow. An examina-
tion of equation (4.19) indicates that the maximum tractive force which 
can exist without erosion occurring for a particular lining material 
depends directly on the hydraulic radius. Since the hydraulic radius and 
depth are related, it is possible to define a maximum permissible depth 
of flow which can occur before erosion takes place. This approach, which 
is a more convenient design procedure, will be used in this manual. 
For wide channels of any shape (and for a given channel slope, depth, 
and lining), the vertical velocity distribution in the central and deepest 
section, where wall effects are negligible, should be identical. Also, 
the first scour occurs at the deepest portion of the channel since the 
wall or bottom shear stress is greatest in that portion. 
If the depth of flow, channel slope, lining, and soil are the same 
in both channels shown in Figure 4.7, then the flow rate and the mean 
channel velocity for the t~ channels will be different. But in the 
central section of both channels, represented by ~X, the velocity distri-
bution and bottom shear stress will be nearly identical. Therefore, in 
both channels, there exists a limiting depth of flow above which scour 
will occur, and this depth, d , is the same for all wide channels of max 
the same longitudinal slope, lining, and underlying soil. This concept 
has been verified by tests at Mississippi State University (1968) , the 
1£>uisiana Department of Highways (1971) and by Anderson (1973) . Thus, 
for unlined channels and rip-rapped channels, charts can be prepared 
which display the maximum depth of flow as a function of the channel 
slope and the degree of erodibility of the soil or the size of the rip-
rap used. Such charts, which are taken from Normann (1975) are shown in 
Figures 4.8 and 4.9. The use of these charts will be illustrated later 
by Example Problems #6 and #7. 
The design of a grass-lined channel proceeds in somewhat the same 






Figure 4.7 Schematic Diagram of Channels of Different Shapes 
(Normann, 1975) 
upon the type of grass and its length. Work by the Soil Conservation 
Service (1954) has resulted in a classification scheme for grassed channels 
known as the degree of retardance. These groupings for various grasses, 
ranging from type A with very high retardance through type E with very 
low retardance, are shown in Table 4.4. 
The ideal grass would be one that grows rapidly, but not over one 
inch in height, and develops a strong, deep-root system quickly. The 
selection of grass for a channel lining depends on the climate and the 
soil in which the plant is to survive. The development of the root sys-
tem, which is dependent upon the individual plant, will add stability to 
the channel. In some cases it will be necessary to introduce two dif-
ferent types of grasses. One might be for fast establishment until a 
IOC>re permanent grass might grow out. It is most important to consider 
the condition of the grass after development. If the channel will be 
frequently cut, then a lower retardance or smaller roughness coefficient 
could be used in the Manning equation . This implies more capacity for 





Table 4.4 Classification of Degree of Retardance for 
Various Kinds of Grasses * (Chow, 1959) 
Rctardance Cover Condition 
A Very high 
Wt•cpin~ love p:rMS ........ . . . . F.xrrllmt stand, lftll (n.v 30 in .) 
Yellow bluest.cm isch:lemum .. . . Exrdlcnt stand, tnll (av 36 in.) 
Kudzu ........ ... . . .......... \'rry dcntl(' p;rowth, uncut 
Jkrmuda grass ............. . .. Good stand, tnll (av 12 in.) 
Kative grnss mixture (little blue-
stem, blue gramft, and other 
long a.nd short Midwest 
grasses) ... . ... . ............ Good stand, unmowed 
8 Hii;h \Yreping love grass ............ Good stand, tall (av 24 in.) 
Lcspedeza eericea .........•.... Good st:md, not woody, tall 
(av. 19 in.) 
Alfalfa ....................... Good stand, uncut (av 11 in.) 
W ecping love grass ....... .. ... Good st.and, mowed (llv 13 in.) 
Kudzu ... ........ .... .. .... .. Dense growth, uncut 
Blae grama ................... Good stand, uncut (av 13 in.) 
Crab p;rasa ..... •.•.•. .. ... .... Fair stand, uncut (IO to 48 in.) 
Bermuda grass ... .. .. ...... ... Good stand, mowed (av 6 in.) 
Common lcspedeza .... . ....... Good stand, uncut (av 11 in.} 
Grass-legume mixture--1Summer 
c Moderate (orchard grnss, redtop, Italian 
rye grass, and common les-
pedeza} ...... ...... ........ Good stand, uncut (6 to 8 in.) 
Onti;-ede ~- ............. . Very dt'nsc cover (nv 6 in.) 
Kentucky bluegrass . . ..... ..... Good stand, hc1uled (6 to 12 in.) 
Bermuda grass .. . ............. Good st:lnd, cut to 2.5 in. height 
Common lespcdeza ............ Excellent stand, uncut (av 4.5 
in.} 
Buffalo grass .................. Good stand, uncut (3 to 6 in.) 
D Low G a$-legume mixture--f'all, spring (orchard gra..'IS, rcdtop, Italian 
rye grass, and common Jes-
: pedeJ:a} ... . .. ... ........... Good stand, un<.'ut (4 to 5 in.} 
Lcspedeza aericea .... ... .. ..... Aftt'r cutting to 2 in. height, 
very p;ood st11.nd l>efore cutting 
E Very low 
Ikrmuda p:rass ..... ... ........ Good stand, t•ut to l.5 in. height 
llrrmuda grass ............. . .. 
1 
Burned stubble 
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Maximum Permissible Depth of Flow (d ) max 
.21 
for Channels lined with Rock Rip-rap (Normann, 1975) 
Note: 050 is the particle size of gradation, of which 50 percent , 
of the mixture is finer by weight. 
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Figure 4.10 Maximum Permissible Depth of Flow (d ) max 
for Channels lined with Grass Mixtures. 
Good Stand, Uncut. (Normann, 1975) 
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Figure 4.11 Flow Velocity for Channels Lined wi th 
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Figure 4.12 Flow Velocity for Channels Lined with 
Vegetation of Retardance B (No rmann , 1975) 
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Figure 4.14 Flow Velocity for Channels Lined with 
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Figure 4.15 Flow Velocity for Channels Lined with 
Vegetation of Retardance E (Normann, 1975) 
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Once the type of grass is selected, curves such as shown in 
Figure 4.10 (Normann, 1975) can be used to establish the maximum permis-
sible depth of flow for some retardance classifications. 
Again, according to the investigation by the Soil Conservation 
Service, it was found that the mean velocity of flow was related to the 
hydraulic radius R and the channel slope S • The curves which are pre -o 
sented in Figures 4.11-4.15 illustrate this relationship for the 5 types 
of vegetation retardance. 
III(e) Design Procedures (after Normann, 1975) 
A. Lined, Non-Erodible Channels (See Example Problem #6) 
(1) Perform the necessary hydrologic computations to establish the 
design discharge value. (See Chapter 3) 
(2) Select a cross-sectional shape based on economics, aesthetics, 
safety, maintenance, etc. select the appropriate n value from 
Table 4.2. 
(3) Calculate the section factor using Equation 4.7. 
(4) Determine the depth of flow using Figure 4.2. If this depth 
seems excessive, widen the channel section and determine a new 
depth of flow from Figure 4.2. 
(5) Check for the state of flow. Calculate the cross-sectional area 
of flow and hydraulic depth of flow (See Table 4.1). Calculate 
V=Q/A. Calculate the Froude number from F = V//90. If this 
Froude is equal to or greater than one, then critical or super-
critical flow exists and trouble could be experienced with 
standing waves, flow around bends, and general flow instability. 
Another cross-sectional chape or the use of check structures 
should be considered. 
(6) Modify the final section dimensions for practicality and add a 
freeboard depth to the channel. 
B. Erodible Channels 
(1) Perform hydrologic computations. 
(2) Select design flows for permanent lining material and for 









(3) Define soil erodibility. 
• The difficulties involved in defining the erodibility of co-
hesive soils is well described by Partheniades (1971); ba sed 
on the MSU work, which covered ten (10) soils of different 
characteristics. 
• Soils with a gravel, sand and clay mixture are erosion resis-
tant; fine-grained sands or silts are erodible; while plastic 
and semi-plastic soils are in the intermediate range. 
• The soil erodibility factor for the Universal Soil Loss Equation, 
developed by Wischmeier and Smith (1978), can also be used as a 
guide to soil erodibility. If the designer has no knowledge of 
the erodibility of the soil at a particular channel site, a 
reasonable estimate of d may be obtained by interpolating 
max 
halfway between the "erosion resistant" and "erodible" lines 
of the maximum permissible depth charts. (Figures 4. 8 and 4.10). 
(4) Define channel shape, slope, and maximum top width and lining. 
( 5) 
(6) 
• For purposes of safety, construction, maintenance, and erosion 
resistance, it is suggested that the channel side slopes be 
kept as flat as possible. Ideally, side slopes should be 3:1 
or flatter for erosion resistance. Flatter slopes may be 
necessary for safety or other reasons. 
Determine d for the selected slope, and soil erodibility max 
(Figure 4.8 or 4.10) 
Determine hydraulic radius (R) and area (A) for the selected 
channel geometry and d (Table 4.1). max 
(7) Determine the velocity of flow using: 
(a) For rock rip-rap: Use Manning formula with 
Roughness Coefficient determined by 
n = o.0395 0 501/6 (4.22) 
where 0 50 is the mean stone size (feet) 
(b) For bare soil: Use 





(c) For grass-lined channels: Use appropriate chart of 
Figures 4.11 through 4.15 
(8) Determine Q = VA 
If Q does not satisfy the design Q, select another channel size 
and return to step 4 or select another lining material and return 
to step 5. Also, consider the feasibility of additional inlets to 
reduce Q. 
A computation sheet, shown in figure 4.16 has been developed to facilitate 
the foregoing design procedure (Normann, 1975). In addition a nomograph for 
determining the geometric properties of trapezoidal channels is presented in 
Figure 4.17. 
III(f) Flow in Bends 
Flow around a bend in an open channel creates currents which impose 
higher shear stresses on the channel sides and bottom. According to 
Anderson (1973), the location of the maximum shear varies depending on 
the position in the bend. 
Figure 4.18 has been prepared to adjust the 050 of rock rip-rap 
lining for the higher shear stresses in a bend, depending on the surface 
width of the channel (BS) and the mean radius of the bend (R
0
). To use 
the chart, determine K3 based on the ratio Bs/R0 • Then, multiply the 0 50, 
determined for the straight channel reaches, by K3 to obtain a larger 
s tone size for use in the bend. For instance, assume that a channel with 
a top width of 12 feet requires a stone size of 050 = 0.5 feet in the 
straight reaches. Assume that the channel has a bend with a 24 ft. 
12 radius. Then BS/R
0 24 = 0.5 from Figure 4.18, for BS/R0 = 0.5, K3 = 1.18. 
(05o)Bend = 1.18 (o50 >straight = (1.18) (0.5) = 0.59'. 
Therefore, the stone in the bend area should have a 050 of 0.59 ft. 
Since it is not possible to predict the location of the maximum shear, 
the entire channel cross-section must be protected with the same stone. 
Figure 4.18 also indicates the B /R values requiring additional s 0 
protection with other lining materials. It appears that as long as BS/R
0 
i s less t han 0.4, no additional protection is necessary. When B /R is s 0 












DRAINAGE CHANNEL LINING DESIGN 
DATE : 
PROJECT : DESIGNER: 
STATION: TO STATION: CHECKED BY: ------
ACRES DATE: 
~--------~ 
DRAINAGE AREA = 
HYDROLOGIC COMPUTATIONS: 
-------
DESIGN FLOW : Q -----= 
DESIGN FLOW FOR TEMPORARY LINING: Q 
SOIL ERODIBILITY: 
CHANNEL DESCRIPTION: MAX.TOP WIDTH = 
AVAILABLE LININGS: 
LINING d max b A R 
cfs 
= cfs - --- -
f t 
v Q=AV T REMAR KS -
Figure 4.16 Computation Sheet for Drainage Channe l Lining Design 
(after Normann , 1975) 
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Figure 4.18 Ratio of Maximum Boundary Shear in Bends 






IV GRADUALLY VARIED FLOW 
Gradually varied flow is defined as steady flow which has a gradual 
change in depth along the channel length. This is typical of many 
natural streams or channels. The analysis and computation of this type 
of flow is quite complex. This section will develop the basic theory and 
give a typical design procedure used in the analysis of this flow. 
The basic assumptions for gradually-varied-flow theory presented 
here are: 
1. The head loss for a given section is identical of that for 
uniform flow with the same velocity and section hydraulic radius. 
2. The channel has a constant cross-section. 
3. The Manning roughness coefficient "n" is constant for the length 
of the channel under consideration and does not vary with depth. 
4. The depth of flow is the same as the distance normal to the 
free surface. 
IV(a) Development of Analysis 
Recalling Equation (4.1) and Figure 4.1, the total energy at a given 
section may be written as: 
H 
v2 
- + z + d•cos8 2g (4. 24) 
By differentiating the above equation with respect to x, the slope of the 
energy grade line :: is given as sf. If the slope decreases, the values 
are negative; if the slope increases, the values are positive. Therefore, 
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- s f 
a cv2/2g) 
dd 







s - s 
0 f 
1 + d(v2;2g)/dy 
is the general equation for gradually 
= S and~= for uniform flow S o. 
0 f dx 
and when s < sf, ~· negative. 0 dx l.S 
varied flow. 
When S > sf, 0 
(4.25) 
(4.26) 
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Figure 4.19 Classification of Flow Profiles of 
Gradually Varied Flow. (Chow, 1959) 
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Table 4.5 lists the many possible types of flow profiles which may 
occur in open channels and their classification. Figure 4.19 presents 
these conditions graphically. In engineering design the most typical 
application of the gradually varied flow equation is backwater curves. 
Backwater curves occur as a result of a tributary stream which may 
have a lower depth than the larger channel to which it contributes. The 
result is a subsequent backing up of the tributary and a change in the 
water surface profile. The depth and extent of this backwater is needed 
to provide the planner and engineer with data to insure that no property 
or lives are endangered by the increased depths. 
There are many detailed computer programs which have been developed 
to analyze this effect whichhavebeen shown to produce reliable results. 
HEC-2 by the Army Corps of Engineers or WSP-2 by the Soil Conservation 
Service are reconunended, if available. However, if a small channel is 
being analyzed or a rough estimate is desired, the following section 
presents a method which may be used. 
IV{b) Backwater Curve Calculations 
The method presented here is the direct step method. This simple 
method breaks the channel into short reaches and the comp~tations are 
done from step to s t ep, and the distance to specified depths determined. 
This method may be applied to prismatic channels. For more sophisticated 
manua l methods the reader is referred to Chow (1959). 
From Figure 4.20 the following expression which relates the ene r gy 




6x + y1 + 2g = Y2 
6X, can be de veloped. 
v 2 
2 + ~- + Sf6X 2g 
(4. 27) 
v2 
Since the specific energy E has been defined as y +~we can solve 2g 
Equation (4.25) for the increment of length 6x. 







is found from channel characteristics and Sf is determined from the 
Mannings' Formula: 
The procedure used in determining the water surface profile is 
listed below: 
(4. 29) 
1. With a starting depth y, which is usually a known condition, 
proceed upstream in equal depth increments. 
2. Compute the area and the hydraulic radius for the given depth y. 
3. Compute the velocity by dividing the flow rate (given) by the 
flow area and calculate the velocity head (v2/2g). 
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4. Determine the specific energy, E = ( y + v2/2g ), and the change in 
specific energy (6E) from the previous step. 
r 5. Compute Sf from Equation 4.29. 
6. Compute the average friction slope between the steps using an 




7. Compute the difference between the channel slope and the average 
friction slope. 
8. Compute the length between the sections by Equation 4.28. 
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Figure 4.20 A Channel Length Used for the Development 
of the Direct Step Method 
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Many of these problems may be solved using programmable calculators. 
A compilation of programs for open channel flow for several ca lculators 
is included in Croley, 1977. 
FOR VITRlf"IE 0 CLAY PIPE 
FLOWING FULL.. .. n c . 0 13 
y. ill!.~ .~ 
ft 
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V EXAMPLE PROBLEMS 
Example Problem #1 
Determine the normal depth for uniform flow in the trapezoidal channel 
shown below with a flow rate of 225 cfs, a slope of 0.0007 ft/ft and a 
Manning n of 0.015. 
l~ 
2 
From Table 4.1 
A (b + zy)y 
p = b + 2y v1 + z2 
R = A/P 
A (10 + 2y)y 
p 10 + 2y-J1 + 22 
R 
(10 + 2y)y 




10 ft -----~-i 
Not to Scale 
= 10 + 2y...;s 
Q = 225 1.49 0.015 (lO + ~ ~
2/3 
2y)y (10 + 2y)y 
10 + 2y,/5_ 
(0.0007) i/2 
or 
225 2.63 c10 + 2y)y f.< 10 + 2Y>Y ]
2
/3 L 10 + 2yys, 
solving by trial and error gives a normal depth yn y 3.16 ft. 
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Example Problem #2 
Determine the nonnal discharge for a trapezoidal channel with a lx>ttom 
width of 10 feet and side slopes of 2.5 on 1. The depth of flow is 5.4 ft. 
and the lx>ttom slope, s = 0.0008. Assume that the channel has a concrete 
0 
lining with a trowel finish. 
From Table 4.2, n 
A = by + zy2 
0.012, from Table 4.l the area is: 
2 = (lO) (5.4) + 2.5(5.4) 
A = 54 + 72.9 = 126.9 ft2 
The wetted perimeter is: 
p = b + 2y-iJ1 + z2 = 10 + 2(5.4)-Jl + 2.52 
p = 39.08 ft, 
R = A/P 126.9 = 39:08 = 3.25 ft. 
Substituting in Equation 4.6 gives: 
Q I.
49 (126 9) (3 25) 2/ 3 (0.0008) l/2 (0.012) • • 
Q 977.27 cfs 
Example Problem #3 
Solve Example Problem #1 using the section factor method. 
From Equation 4.7: 
(225) (0.015) A(R) 2/3 = 








From Figure 4.2 with z = 2: y fb = 0.316 and Y = 3.16 ft. 
n n 







Example Problem #4 
For the channel given in Example Problem #1, calculate the critical 
depth for a flow of 225 cfs and n = 0.015 by trial and error, and by 
using Figure 4.4. 
As before: 
A = (10 + 2y)y 
10 + 2yf5 p 
R = A/P 
From Equation 4.14 
T = 10 + 4y 
D = A/T = (10 + 2y)y/(10 + 4y) 
1/2 3/2 
32.2 [(10 + 2y)y] 
(10 + 4y) 1/ 2 
Solving by trial and error a critical depth, y , is found to be 2.16 ft. c 
This problem may also be solved using Figure 4.4. The section factor, 
SF, is: 
and 






From Figure 4.4 with z = 2: y /b = 0.23; thus c 
y = 10(0.22) = 2.20 ft. c 
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Example Problem #5 
Determine the total discharge for the floodway shown ·below. The 
channel slope is 0.0006 ft/ft. 
12' 50' 6' 30' 
Compute the value 0£ K £or each section: 
K. = 1. 4 9 A R 2/ 3 
1 n . i i 
1 
• Section 1 
50 x 6 + 1/2(12 x 6) 336 ft2 
pl = 13.42 ft + so ft 63.42 ft 
• Section 2 
336 ft2 
63.42 ft 5.30 ft 
1 •49 (336) (5 30) 2/ 3 0.040 • 
38046.58 
·Not to Scale 
12' 10' 
6(30 + 6 + 12) + 12(30) + 1/2(12) .(12) + 1/2(6) (12) 
16.97 + 30 + 13.42 = 60.39 ft 
A2 756 ft 2 
R2 = P
2 
= 60.39 ft 12.52 ft 







• Section 3 
(10) (6) + 1/2 (18) (6) = 114 .oo ft2 
10 + 18.97 = 28.97 ft 
114.00 
28.97 = 3.94 ft 
K3 = ~:~!5 (114.00) (3.94)2/3 = 9416.21 
The total flow therefore is equal to: 
Q (Kl+ K2 + K3) ~= (38046.58 + 242944.98 + 9416.21)-J0.0006 
Q = 7113.50 cfs 
Example Problem #6 
Design a channel lining for a trapezoidal channel with a 4 foot 
bottom width and 4:1 side slopes. Design the permanent lining for P 
10-year recurrence interval runoff. The soil has average erodibility. 
The channel top width is restricted to 12 feet. Channel slope is 
1.5 percent. Prepare design analysis for several different permanent 
linings (bare soil, redtop grass, 3" riprap and concrete). 
Detailed calculations are shown in Figure 4.22. 
Note that the bare soil would convey very little on the 1. 5 per cent 
s l ope . Redtop grass 6 inches long is the best lining investigated. 
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4-52 DRAINAGE CHANNEL LINING DESIGN 
PROJECT: Example -------------------
ST AT 10 N: TO STATION: 
DRAINAGE AREA = 25 ACRES 
HYDROLOGIC COMPUTATIONS: 
Given: Q = 18 cfs (for a 10-year return period) 
DESIGN FLOW: Q 10 = 18 
DESIGN FLOW FOR TEMPORARY LINING: Q 
SOIL ERODIBILITY: Average 
cfs 
-------------
CH ANNE L DESCRIPTION: MAX.TOP WIDTH= 
DATE : ---~JWlQ..--·-
D ES I G NE R: _ CBB ___ _ 
CHECKED BY: 
DATE: -------
= cf s 
12 ft 
T = b + (Zl + z2)•d = 4 + 8d ~-- T=- ~?.PS = 0.015 






12 over designed 
high velocity 
=~~~-------~*-N_o---'dm~ax~. +-----i-----+----+-----1-----------+---- ~-~ 
t-·--~~t---~~--~-t-~--1f---~-+-~~-.---__.~~-+-~~·~1 
-----·-~ - --t-----+----+-----+----+----+----+-------!· 
II '~--+---+----+----1-----+--_.__.-·--·------• --~--, --- r· -
>- _(_ =t---~· -- ------+----- ·----- -] ____ _ -+---- t--~ ---:-.:::-:-::--._--: .... ___ --·--r~~r-~-~~=r--- -- --~ .. : 




Example Problem #7 (Normann, 1975) 
Compute the capacity of the channel in Example Problem #6, if the 
top width is limited to 12 feet, and the channel bottom and part of the 
sides is concrete lined. The channel slope is 0.05; the side slope is 
1:4; and the bottom width is 4 feet. A grass mixture (retardance D) is 
to be an un-mowed, 4-inch length, on the average. 
AREA OF FLOW 
INFLUENCED BY GRASS 
~. 0.05 
"cone • 0.013 
d (grass mixture) max 0.45 ft (Figure 4.10) 
(Take the average value) 




(4.0) (LO) + 4(1.0)2 = 8.0 ft2 
4.0 + 2(ri7) (1.0) = 12.25 ft 
CONtRETE LINING 





(4d + 0.25d ) • d max max grass max grass 
= (4.25) (0.45)2 = 0.86 ft2 
2(ri7)d = 2(/17) (.45) = 3.71 ft max 
~: ~~ = 0. 23 ft 
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v 1.00 ft/sec (Figure 4.14) grass 










A ::. 8.0 ft 2 - 0.86 ft2 = 7 . 14 grass 




Q 1.49 AR2/3 S 1/2 = 
concrete = n o ~:~~3 (7.14) co.84) 213 co.o5> 112 
Qtotal = 163 cfs 
Qtotal 
Outlet velocity = A 
total 
Example Problem #8 
= 163 8.0 
20.4 ft/sec 
For a rectangular concrete channel with a ten foot width, flow rate 
of 360 cfs, Manning n of 0.015 and a slope of 0.0023 ft/ft, determine the 
backwater profile. The downstream depth is 5 feet. Work upstream in 
0.1 ft increments until a depth of 4.4 ft is reached. 
The computations are shown below. For each depth, the area, hydraulic 
radius, velocity and velocity head may be dete·rmined. The energy, change 
in energy, friction slope and the difference between the bed slope and the 
friction slope also can be calculated. Finally, the incremental reach 
~x and the composite length x are found. For this example, the depth of 
4.4 feet, occurs 893 feet upstream. 
A R Rl+/3 
v7 
E M: sf sf s -s bx y v 2g 
(ft'+/3) 
0 f 
(ft) (ft2 ) (ft) (ft/sec) (ft) (ft) (ft) (ft/ft) (ft/ft) (ft/ft) (ft) 
5.0 50 2.5 3.39 7.20 0.80 5.80 0.00155 
4 .9 49 2.47 3.35 7.35 0.84 5. 74 0.06 0.00163 0.00159 0.00071 84.5 
4.8 48 2.45 3.30 7.50 0.87 5.67 0.07 0.00173 0.00168 0.00062 112.90 
4.7 47 2 .42 3.25 7.66 0.91 5.61 0.06 0.00183 0.00178 0.00052 115.36 
4.6 46 2.40 3.20 7.83 0.95 5.55 0 . 06 0.00194 0.00189 0.00041 144.89 
4.5 45 2.37 3.16 8 . 00 0.99 5.49 0.05 0.00205 0.00200 0.00030 164.66 
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Chapter 5 - FLOW IN GUTTERS AND INLETS 
I - INTRODUCTION 
In many drainage systems, storrnwater from a subbasin is admitted into the 
system through an inlet. Many times these openings are located along a gutter 
which is designed to convey overland flow to the inlets. These inlets may be 
located directly in the gutter, curb or in both the curb and gutter. It is 
important that the gutter and inlet be properly designed to adequately collect 
the storrnwater in order to minimize the potential flooding of the roadway, 
danger to pedestrians and, disruption of traffic. 
Figure 5.1 is a diagram illustrating the importance of properly designed 
inlets. In the left-hand side of the figure the encroachment of the storrnwater 
into the street when the inlets are properly spaced is shown. The dashed line 
is the street encroachment with no carry-over from the upstream inlet and the 
solid line is encroachment with carry-over. In either case, these flows would 
not be very likely to disrupt traffic. However, the flow on the right-hand 
side shows pavement encroachment far into the street for the case with fewer 
inlets. This would obviously be a hazard to traffic and pedestrians. 
This chapter will discuss methods for determining the capacity of both 
gutters and inlets. Techniques used in the sizing and spacing of various types 
of inlets will be presented. Example problems at the end of the chapter will 
illustrate the application of these methods. 
II - FLOW IN GUTTERS 
Gutters are used to convey surf ace runoff from a subbasin into an inlet or 
other opening so that it may eventually enter the drainage system. The depth of 
water in the section and the top width of the water surface in the street are 
important design parameters. These values are dependent on the longitudinal 
slope, SL, transverse slope, ST, and roadway roughness, n. A relationship 
between these fixed values and the unknown depth and the top width can be 
determined in the following manner. 
Flow in a gutter with a curb can be approximated using a triangular section 
as shown in Figure 5.2. The gutter is on a longitudinal slope of SL and a 
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Figure 5. 1 Diagram of Gutter and Pavement Flow Patt e rns 





L~----T=d r ST 
Figure 5.2 Flow in a Gutter 
dQ = Vy dx (5.1) 
G 
where V velocity in the increment of cross section (ft/sec) 
dx = incremental width of cross section (ft} . 
y depth of flow at dx (ft) 
The velocity, V, may be estimated using Manning's Equation (Equation 4.6) 
with slope, SL, and the hydraulic radius equal to the depth, y. 
v = 1.49 y2/3 s 1/2 
n L (5.2) 
n = Manning's roughness coefficient (Table 4.2) 
Substituting this relationship into E:quation 5.1, the following equation 
is obtained: 
(5.3) dQ,; ~[\49 YS/3 5Ll/2] dx 
The incremental width, dx, may be expressed as ~Y, where ST is transverse 
T 
slope of the cross-section. Substituting this into E:quation 5.3 and integrating 
y from 0 (zero) to d gives: 
s 1/2 
Q = 1.49. _L __ 
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Figure 5.3 Nomograph Solution for Flow in Triangular Channels 
(Bureau of Public Roads, 1 968) 
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The depth of flow in the channel may be determined by rearranging 
d Equation 5.4, while the width of the flow, T, is dete rmined from T = 
ST 
(5.5) 
Figure 5.3 is a nomograph solution of Equation 5.4 (to find QG). It 
may also be used to calulate the depth of flow, d, (Equation 5.5). 
By calculating the runoff from a subbasin and knowing the slopes, ST 
and SL, and roughness, n, the depth and width of flow can be calculated. 
When the depth reaches a height greater than that of the curb or the width 
of flow extends too far in the street, an inlet must be placed to capture 
the flow. 
Sometimes it is desired to know the discharge and depth in only part of 
the channel. This is often used in determining the capacity of grate inlets. 
Figure 5 . 4 shows a gutter cross-section. It is desired to find only the dis-
charge in the portion of the channel having width, x. The total di'scharge, %' 
in the cross-section may be found using Equation 5.4 or Figure 5.3. The depth 
of flow at x can be calculated using Equation 5.6. 
~ T 
d ..I = ST , 
Qx T d 
l 
B i )( ~ 
Figure 5.4 Gutter Cross-section 
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d' = d - XS 
T (5. 6) 
The value of d' can then be used with Equation 5.4 or Figure 5.3 to - . . 
calculate the flowrate, QB. Then the discharge in the portion of the channel 
a distance x from the curb, - Q , can be calculated as: x 
(5. 7) 
The information presented here is necessary in the proper design of 
inlets. Example Problem #1 will illustrate the applications. 
III - FLOW IN IN~~TS 
III(a) General 
There are three types of inlets which are used in drainage design: gutter 
inlets, combination inlets and curb inlets. The capacity of each depends 
upon the inlet size and the longitudinal slope, transverse slope, the roughness 
of the street and the depth of depressions (for gutter and combi~ed inlets) . 
This section will investigate methods used in determining the capacity of the 
inlets as a function of the above variables. 
Regardless of inlet type, there are some general design considerations. 
A f ew of these are listed below: 
1. Is the inlet to be placed on a continuous grade or in a "sag"? 
2. Is the inlet to be designed for 100% efficiency? (efficiency is the 
ratio of the runoff passing over the inlet to the runoff captured) 
3. Is the inlet to be depressed? (for gutter and combined inlets only) 
4. Will the inlet be placed in an area where it will be susceptible to 
clogging? 
These questions will help the engineer select the inlet(s) which will 
best suit the design criteria. It should be pointed out that regardless of 
the storm sewer design-capacity, the inlet must be able to admit the storm-
water into the system or flooding will occur with a frequency greater than 
the sewer system design would indicate. 
III(b) Gutter Inlets 
A gutter inlet is an opening in the gutter through which water is admitted 
into the storm sewer system. The capacity of a gutter inlet decreases with an 




slope, grate length, width depression and efficiency. It has also been 
shown (Larson, 1948) that the capacity of a gutter inlet is increased by 
allowing a small percentage of the flow to bypass the grate (possible only 
on a continuous grade). This is achieved by the increased depth, and there-
fore an increase in water captured. In order to intercept all the water, the 
grate length must be increased. As an example, an inlet grate with a constant 
transverse slope, ST, may intercept 82% of the flow when the grate width is 
50% of the total flow width. However, to capture the remaining 18% of the 
flow, the grate length must be doubled. This is shown qualitatively in 
Figure 5.5 where the grate width, L, would have to be extended to L1 to 
capture all of the flow, QG. 
The selection of the inlet grate must not be on capacity alone. The 
potential of traffic interference and the clogging of the grate with debris 
may dictate the use of curb inlets or combination inlets. Also, longitudinal 
parallel bars may cause a hazard to bicyclists and depressions may be danger-
ous in high speed traffic. 
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There are many possible bar configurations for the gutter grates. Various 
companies have published grate size data for an assortment of applications. 
(Neenah, East Jordan Iron Works, etc. see References this Chapter) 
For inlets which are on a continuous grade, the capacity of a grate inlet 
may be easily calculated with a method developed by Neenah (1977) . Using the 
Manning Equation, the discharge-depth relation for a grate inlet is written as 
Q. = K d5/3 
1 
where Q. = capacity of grate inlet and 
1 
(5.8) 
K depends on the longitudinal slope SL, transverse slope ST, 
and grate configuration. 
Graphs published by Neenah for many of their manufactured grates present 
K as a function of ST and SL. Each graph is the result of 96 separate test 
points. The tests are applicable for Manning's roughness coefficient, n, 
between 0.013 - 0.014, and longitudinal slopes between 1 and 6 percent. 
Figure 5.6 is a typical chart. 
The maximum depth, d, in Equation 5.8 may be obtained from a rating table or 
Equation 5.5. The spacing between the inlets will depend on the maximum 
allowable depth in the gutter or the maximum width of flow in the street. 
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Figure 5 . 5 Plan of Grated Inlet Showing Flow Lines 
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Figure 5.6 Typical Inlet Grate Capacity Chart (Neenah, 1976) 
Note: 5L6 = 6% etc. 
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Example Problem #2 at the end of the chapter will illustrate the use of the 
charts. (NOTE: The use of Neenah Charts is not to be interpreted as an 
endorsement of their products by the author or HERPIC.) 
The gutter inlets located in a "valley", a sump condition will exist 
and all of the water will eventually be captured. The rate at which the 
flow enters is determined by the depth of water above the grate. For depth~ 
less than 0.3 feet the inlet acts as a weir and the discharge is calculated 
from Equation 5.9. 
(d < 0.3 ft) 
where Qi Discharge rate into the inlet (cfs) 
d = Depth of water above grate top (ft) 
(5. 9) 
p Perimeter of grate opening (neglect bars and side against curb) ft. 
For depths exceeding 0.4 feet, the grate starts to act as an orifice. The 
discharge is calculated by Equation 5.10. 
Q. 
l. 
4.89 A(d)0. 5 (d > 0.4 ft) ( 5 .10) 
where A = Clear opening of grate (ft2) (obtained from grate manufacturers) 
The FHWA recommends that a factor of safety of two be used when the danger 
of the grate clogging exists (1969). Example Problem #3 will illustrate the 
use of these equations. 
III(c) Curb Inlets 
A curb inlet as the name implies, is located directly in the curb, 
therefore causing little interference with traffic. This type of inlet is 
not susceptible to clogging and may be used for streets with mild slopes. 
The capacity of a curb inlet is a function of the street slopes (longitudinal 
and transverse), curb opening length, the top width and depth of the storm-
water, and the depth and width of the inlet depression. The last item has 
been found to be very important in inlet capacity. Figure 5.7 shows graphi-
cally the symbols and notation for curb inlets. 
The most reliable and general tests on the capacity of curb inlets were 
done by Bauer and Woo for the Bureau of Public Roads (1964). These tests were 
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Figure 5.7 Plan View and Notations used for curb Inlets 





inches , and lengths of 5, 10 and 15 feet for both a continuous grade and 
sump condition. From these 
the inlet interception rate 
tests design charts were prepared for computi:1';:{ 
Qi 
~ . This is the ratio of the water intercepted 
by the curb inlet to the total flow in the gutter. The limitations for the 
charts are presented in Table 5.1. 
The charts for the various geometries and a continuous grade are presenter ~ 
in Figures 5.8 - 5.16. For a gutter flow spread, T, and a longitudinal a J 
transverse slope, an interception ratio may be detennined for the s e lected 
inlet geometry. This ratio may be detennined for inlet lengths of 5, 10 and 15 
feet. Example Problem #4 will illustrate the use of these curves. 
For a sump condition, the capacity of the inlet will depend upon the depth 
of water and the inlet geometry. The inlet will act as a weir until the entrance 
is sul:xnerged. When the depth is greater than 1.4 times the curb opening height, 
the inlet will operate as an orifice. The region between the two depths is 
indetenninate. The minimum heights required for a depressed curb inlet to act 
as weir are presented in Figure 5.17 for a given flowrate and inlet lengths of 
5, 10 and 15 feet. If the opening of the inlet, h, equals or exceeds this 
minimum height, Figures 5.18 - 5.20 can be used to calculate the maximum depth 
of flow at the curb above the depressed area. This infonnation is necessary 
to insure that the depth or flow spread does not exceed the maximum allowable. 
Example Problem #5 will illustrate the use of these curves. 
For undepressed curb inlets the capacity for weir flow is calculated using 
Equation 5 .11. 
Q. = 3.0 L. dl. 5 
1 1 
(d < 1.4 ·h} (5.11} 
When the depth exceeds l.4h, the capacity of an undepressed curb inlet may 
be found using Equation 5.12. 
A [ 2g 
h ] 0.5 l.4•h} (5.12} Q. = 0.67 (d - 2> (d > 
1 
where A area of opening hL. 
1 
III(d) Combined Inlets 
Combined inlets are inlets which have both a gutter and curb inlet. This 
type of inlet is used when there is a possibility that the gutter grate may 
frequently be clogged. The capacity of a combined inlet on a ~ontinuous grade 
5-13 
Table 5.1 - Limiting Conditions of Design Charts (Bauer and Woo, 1964) 
General curves Sump curves 
r 
w (feet) 1 2 3 1 2 3 
r a (inches) 1 2 3 1 2 3 
r SL 0.002 
.. 0.04 0 
ST 0.015 0.06 0.015 -- 0.06 
L. (feet) 5, 
l. 
10, 15 5, 10,. 15 
T (feet) 2~10 4~10 6 .... 10 -- -- --,...... 
Minimum Width from curb 10' 10' 15' 12' 12' 18' 
r to Crown of Roadway 
d -- -- -- l' l' l' max 
where 
w = width of depression (feet) 
r a= depression of inlet lip below the extension of gutter flow line (inches) 
SL = longitudinal slope of pavement 
ST = transverse slope of pavement 
L. = length of curb-opening inlet (feet) l. 
T = top width of water surface (spread on pavement) (feet) 





Given : T = 6 .5 
50 = 0.01 
Sx 2 0.015 
Q· 
INLET INTERCEPTtON RATE, er 
0 0 .1 0 .2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
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Figure 5.8 Curb Inlet Capacity Chart for General Condition (FHWA) 
NOTE: SL (in text) = S0 (this chart) 
ST (in text) = SX (this chart) 
w = l' a > l" n = 0 . 016 = 
Length of opening, L. = 5' 
1 
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Figure 5.9 Curb Inlet Capacity Chart for General Condition (FHWA) 
NOTE: SL (in text) = S0 (this chart) 
ST (in text) = SX (this chart) 
W = l' a > l" n = 0. 016 
Length of opening , L. = 10' 
1 
Minimum height of curb opening, h = T s m x 
lJ1 
' ..... lJ1 
l 
O· 
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Figure 5.10 CUrb Inlet Capacity Chart for General Condition (FHWA) 
NOTE : SL (in text) = S0 {this chart) 
ST (in text) = Sx (this chart) 
W = l ' a > l " n = 0.016 
Length of opening, L. = 15' 
1 





, 1 l ., ., I 
2 3 4 5 6 7 8 9 10 
GUTTER FLOW SPREAO,T(F~ ) 
l 1 l 
Q · 
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Figure 5.11 Curb I nlet Capacity Chart fo r General Condition (FHWA) 
NOTE: SL (in text) = S0 (this chart) 
ST (in text) = SX (this chart) 
W = 2 ' a> 2" n = 0 . 016 = 
Length of opening, L, = 5' 
1 
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Figure 5.12 Curb Inlet Capacity Chart for General Condition (FHWA) 
NOTE: SL (in text) = S0 (this chart) 
ST (in text) = SX (this chart) 
W = 2' a~ 2 " n = 0.016 
Length of opening, L. = 10' 
1 
Minimum height of curb opening, h = T s m x 
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Figure 5 .13 Curb Inlet Capacity Chart for General Condi t ion (FHWA) 
NOTE: SL (in text) = S0 (this chart) 
ST (in text) = Sx (this chart) 
W = 2 ' a> 2 ' n = 0.016 
= 
Length of opening , L. = 15' 
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' Figure 5.14 Curb Inlet Capacity Chart for General Condition (FHWA) 
NOTE: SL (in text) = S0 (this chart) 
ST (in text) = SX (this chart) 
W = 3' a> 3" n = 0.016 = 
Length of opening, L. = 5' 
l. 
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Figure 5.15 Curb Inlet Capacity Chart for General Condition (FHWA) 
NOTE: SL (in text) = S0 (this chart) 
ST (in text) = SX (this chart) 
W = 3' a~ 3" n = 0.016 
Length of opening, L. = 10' 
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Figure 5.16 Curb Inlet Capacity Chart for General Condition (FHWA) 
NOTE: SL (in text) = S0 (this chart) 
ST (in text) = SX (this chart) 
W = 3' a > 3" n = 0.016 
Length of opening, L. = 15' 
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Figure 5 .17 Minimum He i g h t of a Depr essed Curb Inlet 
in a Fre e-Fall Sump Condition (Weir Flo w) (FHWA) 
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Figure 5 .18 Curb I nlet Capacity i n a Sump Condition 
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Figure 5.19 Curb Inlet Capacity in a Sump Condition 
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Figure 5.20 Curb Inle t Capacity in a Sump Condition 





may be computed ignoring the curb inlet and calculating the interception of 
the gutter inlet alone. 
Combination inlets are strongly recorranended when a sump condition exists. 
The curb inlet will provide relief if the gutter grate becomes clogged. The 
capacity of the grate may be computed using Equation 5.9 or 5.10 depending 
upon the depth of water. The safety factor of two however, is usually 
ignored. 
IV - INLET DESIGN 
This section presents design criteria and methods for the design of storm-
water inlets. This information will aid in inlet selection and spacing. Listed 
below are some general requirements which must be considered prior to inlet 
selection: 
1. The inlet should have sufficient capacity to intercept stormwater 
from the gutter. 
2. The inlet should be designed so as to control the ponding of rainfall. 
3. The inlet should be able to pass small debris {e.g. leaves) while 
screening out larger, harmful debris {e.g. bricks). 
4. The inlet should have sufficient strength to resist traffic loadings. 
5. Inlet grates should be designed so as not to present a hazard to 
bicycles. 
IV(a) Design Criteria 
The following is a list of some general criteria for the design of 
stormwater inlets: 
Return Period: The inlet should be designed for a ten (10) year return period. 
(Indiana State Highway Commission) 
Encroachment: The spread, top width or encroachment of the stormwater into 
the street should be less than 4 feet for streets without parking and a 
12-foot maximum encroachment or a maximum depth of 0.35 feet for a street 
with parking. 
Minimum Gutter Slope: The minimum longitudinal slope of the gutter, SL, is 0.4%. 
Minimum Transverse Slope: The minimum transverse slope of the street, ST, is 1%. 
Inlet Locations: Inlets should be placed at all low points in the grade of the 
gutter and at intersections to prevent the stormwater f rorn flowing across 
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traffic lanes and crosswalks. In addition, inlets should be placed 
when the top width (see above) or the depth exceeds the maximum allowable. 
Spacing of Inlets: On a continuous grade or in a sag, inlets should be spaced 
so as to capture the flow from the drainage area contributing to the inlet 
plus any storrnwater not intercepted by the upgrade inlet (carryover) less 
any flow intentionally bypassed. Using the rational method to calculate 
the flow from the contributing drainage area (see page 3-4), the flm-• · .. 1 
the gutter can be written as: 
where QG = flowrate in gutter at the inlet location (cfs} 
Qc = carryover from upgrade inlet (cfs} 
(This is zero for the first inlet) . . 
(5.13) 
The capacity of the inlet Q. which is a function of the longitudinal and 
l. 
transverse slopes and inlet geometry can be determined using the appropriate 
charts. The depth of flow to be used with these charts is determined using the 
governing criteria presented above in "Encroachment". If the sp,acing is to be 
the maximum distance apart, the inlet capacity is found by: 
(5 .14) 
where Qb =flow bypassed by this inlet (cfs}. 
(This cou_ld be zero for 100% ef_ficiency) 
The runoff coefficient C for the contributing area is calculated and it 
is recommended (Izzard, 1946) that a five-minute time of concentration be used 
to compute the rainfall intensity. (NOTE: This is usually a conservative 
assumption but it is also the minimum intensity which usually can be found from 
an intensity-duration-frequency curve.} 
The contributing area is assumed to be the product of the length and a 
constant width. If this assumption and Equation 5.14 are substituted into 
Equation 5.13, the length between manholes can be calculated as: 
43,560 (Q. + Qb - Q ) 
l. c 
L = CiW (5.15) 
where L = distance between inlets (ft} 
W = width of contributing area (ft) (assumed to be a constant} 
C composite runoff coefficient for contributing area (see Chap. 3 
(NOTE; 43,560 converts acres to square feet.) 
Figure 5.21 has been included to aid in the computations for a sewer system. This 
method will be discussed in Example Problem #6. 
l 1 1 l 1 1 1 1 l 1 1 
COMPUTATION SHEET for INLET SPACING 
Inlet Locat.ion Roadway ' Gutter Data Inlet Data Contributinq Area Data 
Inlet Station Road or Inlet Type Trans Lonqi Manninq's Depth Top Flow Deoression Inlet Width Composite Raintall 
1'u.'1\t,er Street and Slope Slope Rouqhness of Flow Width Rate Width Depth Capac Runoff Intenaity 
Condition ST SL coeff.- n d T Q w a Qi Iii Coeff.- C 
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= Distance from high point to tangent point (ft) 
= Distance from low point to tangent point (ft) 
= Tangent Grade (ft/ft) 




It is often necessary to locate an inlet along a vertical curve or on a 
roadway with multiple slopes. When this occurs, the equivalent longitudinal 
slope is a function of the vertical curve grade and the distance from the high 
or low point to the tangent point. In Figure 5.22, the terms which are used 
in determining SL for a vertical curve are presented. 
When an inlet is to be located on the vertical crest curve, the mean 
slope, SL, is calculated using Equation 5.16. · 
- LG SL = 20 L = length of curve 
H 
(5.16) 
If Equation 5.16 is substituted into Equation 5.4 (to calculate QG) and 
that in turn is substituted into Equation 5.15, the following relationship, 
which is the spacing for the first inlet on a crest vertical curve, is found: 
L =[24,:94 
WC1n 
d 8/3] 2 
ST 
(5 .17) 
After the initial spacing has been calculated, the mean slope found from 
Equation 5.16 is used with the depth of water, transverse slope and inlet 
geometry in determining the grate efficiency, carryover and bypass (if any). 
The procedure for locating an inlet on a sag vertical curve is analogous 
to the crest vertical curve, except a safety factor of two is used to compensate 
for the high flooding potential of "valleys". The mean slope is calculated 
using Equation 5.18 and the spacing is found using Equation 5.19. 
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SL 
LG = (5.18) 4DL 
L [24,394 
d8/3] 2 G (L < DL) (5.19) = WCin ST 4DL 
Equations 5.17 and 5.19 assume that L falls within the distance DH or nL 
If they do not, the mean slope of the street is simply calculated by 
weighting individual slopes between the break points, shown in Figure 5.22, 
over a given length of gutter. This mean slope is then used to compute spacing 







V - EXAMPLE PROBLEMS 
Example Problem #1 (Flow in gutters} 
Given: a concrete gutter with rough asphalt pavement and a flowrate of 
3.0 cfs, transverse slope of 1/4 inch per foot, and longitudinal slope 
of 3 pct. 
Calculate: the depth of flow, the top width and the flowrate within 2 feet 
of the curb and depth at a distance of 2 feet from the curb. 
From Table 4.2, the roughness is found to be O.OlS. 
The depth of water can be calculated using Equation S.S. 
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s ] 3/8 





Therefore the top width is: 
0.18 ft 
0.0208 ft/ft = 8.65 ft. 
The depth of flow two feet from the curb can be calculated using Equation S.6. 
d' = d - XS = 0.18 - 2(0.0208} = 0.14 ft. 
T 
-- -- ____ .. -
The flowrate QB can then be computed using Equation S.7. 
Q = O.S6 vs;, • d8/3 O.S6 v;:;; • (0.14} 813 1.64 cfs --·--B n ST O.OlS (0.0208) 
The flowrate Qx can be computed as: 
3 - 1.64 c 1.36 cfs 
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Example Problem #2 (Gutter inlets - continuous grade) 
Given: The grate shown in Figure 5.6 with a longitudinal slope of 4 pct., 
transverse slope of 2 pct., gutter flow rate of 3.0 cfs and roughness coeffi-
cient of 0.014. 
From Figure 5.6, K is found to be 30.5. The depth can be found using 
Equation 5.5. 
d = [l. 79 (3.0) (0.014) ~] 318 = 0.16 ft . 
0.04 
Therefore, using Equation 5.8 the grate capacity is found as: 
Q. = K d 5/ 3 = 30.5 (0.16) 513 = 1.44 cfs 
1 
The inlet efficiency is therefore ;:~4 = 48 pct. It would be necessary, 
therefore to consult the catalog and select a different grate oi use two 





Example Problem #3 (Gutter inlets - sump condition) 
Given: a gutter inlet, located in a sag, with a width of 2.5 feet, length 
of 2.0 feet, and a 50 pct. clear opening. 
Calculate: the depth of flow over the inlet when the discharge into the 
grate is 1.0 cfs and 10.0 cfs. 
For a flow of 1 cfs, start by using Equation 5.9. 
Q. = 3.0 P(d) 1 · 5 or 
l. 
d = [ Qi ] 0.67 
3.0 p 
p = 2.0 + 2.5 + 2.5 = 7.0 
Using the recommended factor of safety of 2, P = 3.5. Therefore, 
d =[(3.~i~3.5)] 0.67 = 0.21 ft. (weir flow) 
This indicates that Equation 5.9 was applicable for Q. = 1.0 cfs. 
l. 
For Q. = 10.0 cfs, the depth can be calculated using Equation 5.10. 
l.· 
0.5 Q. = 4.89 A d 
l. [ 
Q. ] 2 
d = 4.8~ A (orifice flow) 
where A= (2.5) (2.0) (0.5) = 2.50 tt2 





d = (4.89) (1.25) 2.68 ft. 
or using the factor of safety, 
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Example Problem #4 (Curb inlet - continuous grade) 
Given: a gutter with a flowrate of 2.0 cfs, transverse slope of 2 percent, 
longitudinal slope of 3 percent, depression width of 2 feet, and inlet 
depression of 2 inches. The gutter has a concrete broom finish (n = O.Olu). 
Calculate: the intercepted flow for inlet lengths of 5, 10 and 15 feet. 
From Equation 5.5 the depth of flow in the channel is found to be: 
d = [ 1. 79 (2 .0) {O. 016) (0. 02) ] 
3
/B = 0.15 ft. 
vo:D3 
The gutter flow spread is: 
T 
0.15 
0.03 = 5 ft. 
Enter Figure 5.11 with a flow spread of 5 feet and intersect the curve 
for a longitudinal slope of 0.03. Project horizontally to a transverse slope 
of 0. 02; then project vertically to an inlet inte_!ception rate of·; O. 76. This 
says that the intercepted flow is 1.52 cfs. 
Using Figures 5.12 and 5.13, the inlet interception ratios are found to 
be 0.96 and 1.0 for inlet lengths of 10 and 15 feet, respectively. 
r 
Example Problem #5 (Curb inlet - sump condition) 
Given: a curb inlet located in a sump with a pavement transverse slope of 
0.03, depression depth of 2 inches and width of 2 feet, and total discharge 
from both sides of 10 cfs. Take the inlet height to be 0.75 feet and 
n = 0.016. 
Calculate: the maximum ponding depth for inlet lengths of 5, 10 and 15 feet. 
From Figure 5.17 the minimum heights for inlet lengths of 5, 10 and 
15 feet are 0.56, 0.37 and 0.28 feet, respectively. Since the inlet height 
is greater than all the minimum heights, the inlet will act as a weir for 
all three lengths. 
5-37 
From Figure 5.19 with a = 2, and w = 2, the maximum depths of ponding for 
inlet lengths of 5, 10 and 15 feet are 0.64, 0.47 and 0.37 feet, respectively. 
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Example Problem #6 (Gutter inlet spacing - Rational Method) 
Given: a 24' wide road in Indianapolis without parking, having a longitudinal 
slope of -r ,:-o·pct. and a trarisvers·e · Slope of 3. 0 pct. . As.$\ime tf:iat the street 
has an asphalt pavement with a smooth finish and that a 15 foot strip of the 
adjacent parkway contributes to the inlet. 
Calculate: the spacing and location of the first two (2) gutter inlets, 
using the grate shown in Figure 5.6, design data presented in Section III(d), 
and design calculation sheet in Figure 5.21. 
1. Determine the maximum flow in the street. 
Since the maximum top-width can only be 4 feet, the depth of flow is: 
d = ST T = (0.03) (4) = 0.12 feet 
From Table 4.2, n = 0.013 






(O.l2 ) = 0.50 cfs 
2. Using the depth and street slopes, calculate the grate capacity. 
From Figure 5.21, K = 16 
Q. = K(d) 5/ 3 = 16 (0.12) 513 = 0.47 cfs 
l. 
The bypass Qb is 0.5 cfs - 0.47 cfs or 0.03 cfs. This will be 
picked up by the second inlet. 
3. Compute a composite runoff coefficient. 
Using a value of 0.25 for the parkway; the composite coefficient 
for a 1 foot length of pavement is: 








4. Calculate the rainfall intensity. 
Using the recommended 10-year return period and a five-minute time 
of concentration, the rainfall intensity for Indianapolis {Figure 2.17) 
is found to be 6.4 inches per hour. 
5. Calculate the spacing to the first inlet using Equation 5.15. 
{This is the required distance from the start of a subbasin to the 
first inlet.) 
L 
(43,560) {0.50) 225 feet (12 + 15) {0.56) (6.4) 
This is the spacing for one side of the street only. If the same 
width of parkway contributed on both sides, then there would be an 
inlet at this location on the opposite side. 
6. Calculate the spacing to the next inlet. 
The total area which may contribute to the inlet is lessened since 
the inlet must also catch the carry-over of 0.03 cfs. 
L = (43,560) {0.47 + 0.03 - 0.03) = 212 feet (12 + 15) {0.56) (6.4) 
NOTE: This assumes that there will be a carry-over of 0.03 
to the next inlet on this grade. 
These calculations are also shown in Figure 5.23. 
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~ Inlet Location -..-
~···· ,,.,,.. ~., ., Inlet Type NUJ11ber Street and 
Condition 
- Grate l 2 + ~5 Sa.nple Cont. Grade 
2 4 + 37 SNllple Gratt.' Cont. Grade 
COMPUTATION SHf.ET Cor INLET SPACING 
Roadway & Gutter Data Inlet Data Contributing Area Data 
Trans Longi Manninq' • l'epth Top 'Flow D<J....e_ression Inlet If id th Composite 
Slope Slope Roughness of Flow Width Rate Width Depth Cap.le Runoff 
ST SL Coeff.- n d T Q w a Qi If Coeff.- C 
(pct) (pct) (ft) (ft) (cfs) (ft) (in) (cfs) (ft) 
-
3.0 1.0 0.013 0.12 4 a.so -- -- 0.47 27 0. 56 
3.0 1.0 0.013 0.12 4 0.50 -- -- 0.47 27 0.56 
Figure 5.23 Computation Sheet for Inlet Spacing 
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Chapter 6 - STORM WATER STORAGE 
I - INTRODUCTION 
In Chapter 3, it was shown that the response of an "urbanized" watershed 
to a storm is considerably different than that of rural, undeveloped land. 
Ground which once allowed infiltration of rainwater is covered with impervious 
parking lots, streets and homes, causing a higher percentage of rain to become 
surface runoff. Improvements such as streets, curbs and storm sewers collect 
and convey this runoff to its point of disposal more rapidly than in the un-
developed watershed, resulting in a higher runoff volume in a shorter period 
of time. 
These increased runoff rates produced by the urbanization of a watershed 
may overtax succeeding portions of the larger drainage network causing flooding 
problems downstream. To circumvent this difficulty, storage facilities are 
provided to receive the runoff from the developed watershed while releasing 
6-1 
water to the larger drainage network at a reduced rate. This reduced rate is 
determined using parameters fixed by local ordinance or by calculating the available 
capacity of the downstream network. 
This chapter discusses the various types of storage facilities used and 
the methods employed in computing required storage volumes. Design considera-
tions are outlined and example problems at the end of the chapter are included 
to illustrate applications. 
I(a) Types of Storage Facilities 
Storage facilities can be broken down into two general categories: 
detention and retention. 
Detention is the temporary storage of the runoff which is in excess of that 
released. At some time after the storm, the facility is emptied and resumes its 
normal function. Parking lots, rooftops and parks are cormnon detention facili-
ties, which are desigr.ed to temporarily store runoff. Section III of this chapter 
will outline the use and design of these facilities. 
Retention facilities on the other hand, retain the runoff for an indefinite 
period of time. Water level changes with evaporation and infiltration only. 
Ponds and lakes are examples of retention facilities which may be implemented in 
a development and in many cases, enhance the overall project. 
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Where favorable soil conditions exist, stormwater may be allowed to seep 
into the soil using infiltration basins or ditches. These types of facilities 
recharge the ground water supply, treat the stonnwater as it infiltrates 
through the soil and eliminate runoff altogether. Porous asphalt is a new 
option which is receiving considerable attention. Voids in the asphalt allow 
the water to seep into the underlying gravel base course where it is detained. 
II - COMPUTATION OF STORAGE VOLUMES 
As previously stated, storage facilities are designed to receive the 
stormwater collected by a drainage system for a development and release it at 
a specified rate which may be zero for retention facilities. The primary goal 
is thus to provide the necessary storage volume. If infiltration and evapora-
tion are neglected during the runoff period, the continuity equation for a 
detention pond may be written as: 
I (t) - O(t) !ls 
flt 
where I(t) =inflow to the pond from the sewer network at 
time (t) (cfs) 
O(t} outflow from the pond into·the larger drainage 
network at time (t} (cfs} 
(6.1) 
!ls change in storage (ft3} in time interval (flt) (sec) 
Equation 6.1 may also be written as: 
(I + I ) flt - (0 + 0 ) flt = s 




where subscripts 1 and 2 denote the flows, v~lumes and storage at 
times t 1 and t 2 • 
When the inflow and outflow hydrographs are known, the l~rgest · value 
of s 2 - s1 found in Equation 6.2 is the required storage. Normally the 
hydrographs are not known in the design phase and other methods must be 
employed. The following is a discussion of some of these methods and their 
mode of application in the design of detention facilities. For retention 
facilities the value of O(t) is equal to the sum of the evaporation and 
infiltration rates. During a storm these may be negligible and the required 




II(a) Storage Determination Using the Rational Method 
The rational method discussed in Chapter 3 , Section II, computes a peak 
runoff rate only; however, it may be extended to compute volumes by multiply-
ing the peak flow rate by the storm duration. 
The peak flow rate leaving the detention pond , O(t), is calculated using 
the contributing undeveloped area, ~, runoff coefficient, CU, and rainfall 
intensity, iu, associated with the time of concentration of the undeveloped 
basin. The return period for the intensity is fixed by local ordinance or 
based upon the design parameters of the larger downstream drainage network. 
In some cases, the allowable outflow may be even more limited due to the 
capacity of the succeeding network. In either case, this outflow is assumed 
to remain constant for all storm durations, td. Therefore the volume at ta 
is simply the product of O and ta. This is illustrated in Figure 6.1 where 
the line v0 (td) is the outflow volume vs. time. 
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The inflow rate, I(t), is calculated using the contributing de¥eloped 
area, AD, the developed runoff coefficient, CD, and a rainfall intensity, id, 
corresponding to storm duration, td , and the return period for the detention 
pond design. Thus, for various durations, the peak flow and therefore the 
volume of runoff may be computed. Figure 6.1 shows the curve of VI(td) vs. td. 
The maximum difference between the inflow and outflow volumes is the 
required detention pond storage. This is shown in Figure 6.1 as s max 
The method may also be expressed as: 
(6.3) 
where s(td) = Required storage (acre - ft) 
CD = Developed runoff coefficient 
(NOTE: 
= Undeveloped runoff coefficient 
= Area of developed watershed (acres) 
= Area of undeveloped watershed (acres) 
Rainfall intensity for the return period of the 
detention pond (inches/hr) and duration td 
= Rainfall intensity corresponding to the time of 
concentration of the undeveloped watershed and a 
return period based upon either local ordinance or 
the capacity of the downstream system (inches/hr) 
= storm duration which is varied to find the maximum 
peak storage (hrs) 
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Figure 6.1 Graphical Representation of Storage Volumes 
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Figur e 6.2 Computation Sheet for Detention Storage 
Calculations Using the Rational Method 
Required 
Storage 
[I (td)-0] :~ 
(acre-ft) 
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As in the graphical approach, various storm durations, td, are selected 
and the largest value of s(td) is used to design the detention pond. Figure 6.2 
is a sheet which will aid in the computations for Equation 6.3. 
The step by step procedure using the rational method is shown below: 
Step 1. Determine the area, ~· runoff coefficient, Cu, and time of 
concentration for the undeveloped site. Using the appropriate 
intensity-duration-frequency curve determine the intensity, iU 
corresponding to the return period for the allowable outflow rate. 
Step 2. Calculate the runoff (0) from the undeveloped site. (0 = cu iu 1\J> 
Step 3. Determine the developed runoff coefficient, CD. 
Step 4. Determine the rainfall intensities (id) for various durations, (td), 
using a specified return period. (Reconunended durations: .10, 20, 30, 
40, 50 min. and 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 9 and 10 hours.) 
Step 5. Determine the inflow rate to the detention pond. [I(td) = CD id~] 
Step 6. Compute the required storage for each duration, s(td) = td • [I(td) - O] 
in units of acre-ft. 12 
Select the largest volume for designing the detention pond. 
Example Problem #1 at end of this chapter demonstrates the use of this me thod. 
Various agencies have set guidelines for the selection of iu, id, CU and Cd. 
One agency, the Metropolitan Sanitary District of Greater Chicago (MSDGC), uses 
the following criteria: 
iU based on a 3-year return period 
id based on a 100-year return period 
cu ~ 0.15 
CD ~ 0.35 
Example Problem #1 will use these criteria. 
MSDGC 
Guidelines 
Under certain conditions it may be impossible to convey and collect all of 
the runoff from a given watershed. The result is that some runoff is discharged 
directly into the larger drainage network without being detained. To compensate 
for this unrestricted release, the allowable release rate, o, is lessened by that 
amount. 
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II(b) Storage Determination Using the Soil Conservation 
Service curve Number Method 
The SCS curve number method was presented in Chapter 3, Section III. The 
method predicts the direct surface runoff, R(t), from a given amount of 
precipitation, P(t), as a function of soil type, land use and antecedent 
moisture condition. Therefore, it is very well suited for determining 
storage volumes. 
A procedure similar to the rational method formula may be used if the 
cumulative precipitation, P, and direct runoff, R, can be calculated for each 
specified storm duration, td. Multiplying R(td) by the watershed area and 
converting to cubic feet gives a volume of runoff. The undeveloped runoff is 
then subtracted and a storage volume is found for that duration. The large~t 
volume is then selected in sizing the detention pond. This method assumes that 
all of the runoff reaches the pond during the storm duration. Consequently, the 
method is conservative. 
The procedure may be put into equation form as given in Equation 6.4. 
s = 
Direct surface runoff for duration td: 
(P(td) - 0.2S) 2 
R (td) = ( ) 0 8 (inches) p td + • s 
Ultimate Abstraction: s = 1000 CN 10 
CN = curve number of developed site 
0 outflow from pond (cfs) 
(inches) 
(NOTE: the factor 1/12 changes cfs-hours to acre -ft) 
(6.4) 
The outflow, which is the allowable discharge, may be found using the 
rational method as presented in the previous section or by establishing a depth-
storage relationship for the pond. This latter method will be explained in 
the following section. 
Below is an outline of the procedure. 
Step 1 . Determine the area, soil type, cover and AMC for the undeveloped site. 
Calculate the curve number for the undeveloped site and determine the 
allowable release rate using either the rational method or by establish-
ing a depth-storage relationship for the pond. 
Step 2 . Dete rmine the curve number, and the ultimate abstraction for the 






Step 3. Determine the rainfall intensities and depths, P(td), for various 
durations and the detention pond design frequency. 
Step 4. Determine the direct surface runoff, R(td), for each duration and 
calculate the volume of runoff in inch-acres by multiplying by the 
area, Ad (acres). 
Step 5. Subtract the outflow volume, Otd, from the inflow volume and convert 
to acre-ft to find the storage, s(td). 
The largest volume is then used to size the detention pond. 
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Figure 6.3 is a chart which will aid in the computations and Example Problem #2 
at the end of the chapter will illustrate the method. 
II(c) Soil Conservation Service Hydrograph Method 
In Chapter 3, Section IV, methods were presented by which the time dis-
tribution of stormwater runoff could be found using rainfall data and certain 
basin parameters. These hydrographs, developed by the Soil Conservation Service, 
are easily extended in calculating storage requirements for stormwater storage 
facilities. 
As previously described, the difference between the inflow from the 
developed watershed and the allowable outflow from a detention pond, is the 
required storage volume. The outflow is determined using characteristics of 
the undeveloped watershed and a rainfall frequency equal to or less than the 
receiving system can handle, or is prescribed by local ordinance. 
Figure 6.4 is a graph of inflow and outflow hydrographs. The difference 
between the hydrographs, the required storage, is shown shaded. At point C, 
the detention pond inflow rate is equal to the outflow rate e.g., the pond will 
start to empty. The outflow rate is assumed to remain constant in this figure 
but actually this rate will depend upon the depth of water in the pond and the 
type of outlet structure (i.e. weir, orifice or pipe-flow). It should also be 
noted that the total volume in is equal to the total volume out (for a detention 
pond). 
The inf low hydrograph can be determined using the procedure outlined in 
Chapter 3. The outflow hydrograph is found knowing the depth-storage relation-
ship for the outflow structure. Using this information, the required storage 
volume can be found by calculating the area between the hydrographs. This is 
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found by using a planimeter, counting squares or by using Equation 6.5. 
(6. 5) 
where QI (t) = Magnitude of the inflow hydrograph at time t 
Qo(t) = Magnitude of the outflow hydrograph at time t 
6t Time interval used in calculations 
t' = Time at which inflow = outflow (point c in Figure 6.4) 
s = total required storage (acre-ft) 
The following is an outline of the procedure used in determining the 





Calculate the curve numbers for the developed and undeveloped basins. 
Find the time of concentration t for the basins using either c 
Figure 3.9 or Figure 3.10. 
From t , calculate 6D, T and q c p -p using Equations 3.19, 3.16 and 3.15, 
respectively, for the developed and undeveloped sites. 
Determine the coordinates of the inflow and outflow unit hydrographs 
using Figure 3.7 for a dimensionless unit hydrograph or by plotting 
a triangular unit hydrograph. 
Step 5. From the design storm duration, depth, time distribution and frequency, 
calculate the cumulative rainfall at 6D intervals for both the 
undeveloped and developed states. 
Step 6. Using the basin curve number and ultimate abstraction S, calculate 
the cumulative runoff, R(t) at each 6D interval using the rainfall 
data from Step 5. 
Step 7. Using F.quation 3.22 or by summing up the coordinates for a triangular 
hydrograph, calculate the storm hydrographs. 
Step 8. Using the peak flow from the undeveloped state as the peak outflow, 
calculate the outflow hydrograph as determined by the type of outflow 
structure. 
Step 9. Calculate the required storage using Equation 6.5 or by counting 
squares or using a planimeter. 
Example Problem #3 at the end of this chapter will illustrate the appli-
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Figure 6.3 Computation Sheet for Detention Storage Calculations 
Using the SCS Curve Number Method 
(acre-ft) 
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Figure 6.4 Inflow and OUtflow Hydrographs for 
a Hypothetical Detention Pond 
III DESIGN OF STORAGE FACILITIES 
This section will outline general guidelines for the design of storage 
facilities. Commonly used design criteria is presented for each type of 
facility. The last part of this section discusses the types of outlet 
structures used for these facilities and applicable equations. Example 
Problem #4 will show how to apply the material in this section. 
III(a) Retention Ponds 
Retention ponds should always be constructed for both aesthetic and practi-
cal use. Serious investigation of potential water quality problems associated 
with low flows in dry weather, direct pollution from surface runoff or high 
nutrient levels is necessary. (The latter may cause algae growth and subsequent 
eutrophication.) If any of these problems could arise, a detention pond should 
be considered instead. 
The following is a list of some design considerations for retention ponds: 
• When possible, retention ponds should be stocked with fish. To provide a habitat 
suitable for aquatic life, it is recommended that the pond have a surface area of 
at least one-half acre and a minimum depth of at least 10 feet over at least 25% 
of the total area. (Department of Conservation) The average depth of the remain-
ing area should be at least 5 feet. This is needed to inhibit insect breeding 
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and weed growth although periodic maintenance may still be necessary to 
completely control this growth. A minimum side slope of 3:1 is also recommended . 
• It is recommended that the design include a means of keeping a design water 
level during periods of prolonged dry weather and a way of enhancing water 
quality. One method which has been suggested to augment the pond volume and 
solve these problems is to have a fire hydrant near the pond site. 
• An emergency overflow spillway or weir should be installed to insure that 
flows which may exceed the design capacity of the pond do not damage surround-
ing property. 
• Fencing may be required to insure the safety of children. 
•All inlet openings larger than 6 inchessho1.1lohave bars or screens on them to 
protect children and large animals. 
III(b) Detention Ponds 
Detention ponds should be designed for multipurposes. In some parts of 
the country the ponds are used as athletic fields or parks during dry weather. 
Regardless of its dry weather use, there are certain guidelines which must be 
followed to insure that the pond is properly maintained and does not become 
a detriment or hazard. 
• The pond should have no side slopes which are greater than 3 feet horizontal 
to 1 foot vertical. 
• An underdrain system should be constructed to minimize the wetness of the pond 
bo~tom. This is to insure that the bottom does not harbor insects or prohibit 
recreational dry weather use. This underdrain system may discharge directly 
into the receiving stream or into a wet well where it is then pumped out to 
the receiving s tream. 
• An alternative to the underdrain is the sloping of the pond bottom with at 
least a 2% grade from inlet to outlet. Another means of eliminating the wet-
ness is to slope the pond to a gutter which flows through the pond. This 
gutter may also be used to convey dry weather flow. 
• The pond bottom and side slopes should be finished with at least four inches 
of t opsoil and seeded. This s eed or sod should be capable of withstanding 
periodic flooding conditions . 
• Outlets which discharge overland should be provided with rip-rap protection 




• An overflow spillway or weir should be placed at the high water elevation and 
a minimum of 3 inches of freeboard should be provided. 
• Screens should be placed over all inlets and outlets greater than 6 inches to 
protect children and large animals. 
III(c) Parking Lot Storage 
Parking lots may be utilized in the temporary storage of stormwater in two 
forms. The first and most widely used method is the storage of runoff in 
depressed areas. The accumulated runoff is allowed to accumulate and then 
released through a drain using restrictors. The restrictors may be small 
diameter pipes, orifices, or small grates. This type of storage requires 
special design criteria as presented below. 
• The storage areas of the parking lots should be restricted to remote areas or 
those which will cause the least inconvenience to users. 
• The maximum depth of water should not exceed 12 inches. 
• The parking lot should be drained in at least 30 minutes after rainfall termi-
nation. 
• Frequent maintenance is necessary to insure that the drain openings do not 
plug up. 
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The other type of storage detention facility employed in parking lots 
consists of the utilization of the paved surface to convey the runoff to grassed 
areas or seepage pits located adjacent to lot. Part (e) of this section discusses 
the criterea used in determining infiltration rates. 
III(d) Rooftop Storage 
The temporary storage of rainfall on rooftops can be a very economical 
approach to stormwater storage. Most current building codes in the northern 
states require that rooftops withstand live loadings of 30 to 40 pounds per 
square foot. This is equivalent to about 6 inches of water which is usually 
much greater than that required for normal detention (on flat roofs) . 
There are certain problems associated with rooftop storage. Leakage, over-
flows and structural damage are just some of these potential problems. To mini-
mize these hazards and design the best facility, the following guidelines are 
reconunended. 
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• Provide extra membrane liners to create a watertight seal on the roof. 
• Place overflow drains at the design depth to reduce damage due to clogging 
of drains. 
• Design the roof to structurally withstand a live load of at least 35 pounds 
per square foot. 
• Design the roof so the maximum depth with a flat roof is 3 inches and the 
maximum depth with a sloped roof is 6 inches. 
• Space each drain to handle 10,000 square feet of roof area. 
• Determine the allowable outflow rate from the rooftop and then use Table 6.1 to 
size the leader (pipe which taJces water from roof vertically to storm drain) 
or the horizontal piping to release the water. (Check that the depth does not 
exceed the 3 inches for a flat roof or 6 inches for the sloped roof.) 
Table 6.1 System Sizing Data (Blendermann) 
Roof Drains Horizontal Stonn-Drainage Piping 
and Slope, in Inches per Foot 
Pipe Vertical 
Diameter, Leaders (gpm) 1/8 1/4 1/2 
in Inches F1ow Capacity, in gpm 
2 30 - - -
21/2 54 - - -
3 92 34 48 69 
4 192 78 110 157 
5 360 139 197 278 
6 563 223 315 446 
8 1208 479 679 958 
10 - 863 1217 1725 
12 - 13.88 1958 2775 
15 - 2479 3500 4958 
III(e} Infiltration of Stormwater 
The temporary storage and subsequent infiltration of stormwater into the 
soil may be accomplished through the use of a basin, trench or porous asphalt. 
These are normally used when the receiving stream cannot accept any additional 
runoff or where it is necessary to recharge the groundwater. The rate at which 
the water can percolate through the soil depends upon the soil makeup and the 







The soil permeability is a measure of the ability of the soil to allow 
infiltration. Typical values of the coefficient of permeability, denoted by 
K, are given in Table 6.2 This coefficient can be used with Darcy's Law as 




Sand, fine sand 




over 5.0 x 10-l 
10-l - -3 5.0 x 5.0 x 10 
Relative 
Permeability 





Silt 5.0 x 10-5 - 5.0 x 
Clay less than 5.0 x 10 
10-7 
-7 
Very Low Permeability 
Practically Impervious 
Q = AKi . (6.6) 
where Q flow rate (cf s) 
2 A = cross-sectional area of soil through which the water flows (ft ) 
K = coefficient of permeability (Table 6.2) (ft/sec) 
i headloss or the gradient over a flow distance L (it is recommended 
that a factor of safety of two be used i.e. divide Q in half) (ft/ft) 
Equation 6.6 which is applicable for a fully saturated soil, is used in 
determining the required size of the ditch or basin. Figure 6.5 shows a typical 
recharge trench. The void space in the rock fill must have a sufficient capacity 
to detain the difference between the incoming runoff and the water which is 
infiltrating during the . entire .storm and the amount which may be released. 
The procedure which is used in determining the storage requirement is outlined 
below: 
• Step 1. Calculate the volume of accumulated runoff for a given time increment 
for the storm duration using the rational method, SCS curve number 
method or hydrograph method. (Q· t) (cubic feet) 
• Step 2. Calculate the allowable release volume which does not have to be 
infiltrated, if any. (O·t) 
• Step 3. Calculate the volume of the water flowing through the soil at time t 
(Q·t) (Q found from Equation 6.6) 
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• Step 4. The difference between the inflow volume and the allowable release 
rate and percolated volume is the required storage. 
• Step 5. The largest required storage when all durations are considered is 
the design requirement. 
• Step 6. Design the basin or trench to have a void volume equal to the maximum 
required storage. Information concerning the required size of the 
rock fill and corresponding void ratios may be found in Design of 
Small Dams, USBR, 1977. 
Porous asphalt may also be used in detaining the water and allowing it to 
percolate through the soil. This requires a special type of pavement: open 
graded permeable material (OGPM) with a gravel subbase. There are some installa-
tions using this material but most are in experimental stages. Questions still 




Figure 6.5 Design of On-Site Discharge Ditch (Karaca, 1980) 
(The pervious drainage blanket shown above can be 









III(f) outflow Control Devices 
The design of any detention facility requires that the outflow be regulated 
to a maximum flowrate. This is usually accomplished by using standard calibrated 
devices. The three most commonly used devices are the orifice, weir and pipe. 
The following is a description of each of the above and the governing equations . 
ORIFICE: An orifice is a circular or rectangular opening of a prescribed 
shape and perimeter through which water flows. The flowrate depends upon the 
height of water h above the opening, and the type of orifice. The equation 
which is used to calculate the flow rate for a free jet is given below. 
(6.7) 
where Cd is the discharge coefficient 
A is the area of the orifice (ft2) 
2 g is the acceleration due to gravity (32.2 ft/sec ) 
h is the height of water above the orifice (ft) 
Figure 6.6 is typical circular orifice with the above variables defined 
and Figure 6.7 gives discharge coefficients for various types of orifices . 
Figure 6.6 










Cd = 0.93 - 0.98 
Sharp-edged 
Cd = 0.58 - 0.64 
1. 
D __.., Q 
f Free Jet 
Q~ 
Projecting Sharp-edge 
Cd ·= 0. 50 
. Figure 6 .7 Discharge Coefficients Cd for variou s Entrance Types (MSDGC) 
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WEIR: A weir is depression or cutout in a wall or channel through which 
water flows. Weirs are often used for controlling overflows. Two types of 
sharp-crested weirs will be discusse.d: rectangular· and triangular. 
A typical rectangular weir and dimensions is shown in Figure 6.8. 
The equation for the flowrate is: 
2 -F 3/2 Q = - C 2g•L•h 3 d 
where L is the Length of the weir 
Cd is the discharge coefficient found by experiment or 
furnished by manufacturer 
I 
Figure 6.8 Typical Rectangular Weir 
(6.8) 
For the triangular weir shown in Figure 6.9, Equation 6.9 is used to 
calculate the flowrate. 
(6. 9) 
where e = 1/2 the total weir angle 






PIPE FLOW: For a pipe flowing full but not under pressure, Mannings 
Equation (Equation 4.6) may be used to calculate flowrate. As soon as the 
a depth of water develops above the pipe the f lowrate must be calculated 
using a modified form of the Manning equation and must include entrance 
and exit losses. Equation 6.10 is used to calculate the flowrate under these 
conditions. 




where Q flowrate in cfs 
K = entrance loss coefficient (given in Table 6. 3) e 
K = outlet loss coefficient (usually taken as 1.0) 0 
D pipe diameter (ft) 
n = Mannings roughness coefficient (Table 4.2) 
L length of pipe (ft) (Equation assumes a free jet @ exit) 
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All of the equations presented were to calculate the flowrate Q. However, 
many times the flowrate is known and the orifice opening, weir size or pipe 
diameter are the parameters actually required. In these cases the equations 
are rearranged solving for the unknown variable. Certain problems may arise 
when the computed result is not a commercially available pipe. When this occurs 
the type of opening, discharge coefficient of pipe roughness will have to be 
varied to obtain a commercially available size. 
Table 6.3 Value of K (entrance losses) e 
(Portland Cement Association) 
Type of entrance 
Concrete pipe in Headwall 
Socket or beveled entrance 
Rounded lip 
Square edge 
Concrete pipe projecting, square edge 








·1v - EXAMPLE PROBLEMS 
Example Problem #1 
A 100-acre parcel of land located in Lafayette, Indiana which is currently 
a flat pasture with a clay and silt loam soil is to be developed with the follow-
ing characteristics: 20% parks, 50% single-family homes and 30% business. ~ne 
overland travel path has a length of 700 ft. and slope of 0.03 ft/ft. Detennine 
the size of the detention pond required so that the 100-year runoff from the 
developed land will not exceed the 3-year runoff of the undeveloped land (MSDGC 
guidelines). Use the rational method procedure outlined in Sec. II(a) . 
e Step 1 Undeveloped Runoff 
A = 100 acres 
From Table 3.1, the runoff coefficient is 0.30. However MSDGC requires that the 
undeveloped runoff coefficient be less than or equal to 
<Kerby's Equation> tc 0.021 [ c~:~~~100.·>r_•67, tc = 
e STEP 2 
0.15. From Table 3.3, 
18.85 minutes. 
The peak undeveloped flow is found by the rational method. From Figure 2.19 
the intensity for a three-year return period and 18.85 minute duration is 
3.18 inches/hr . 
0 = (0.15) (3.18)100 47.7 cfs 
e STEP 3 
Compute the developed runoff coefficient. From Table 3.1, a composite runoff 





Type of Cover Runoff Coefficient 
Parks 









r=lOO re A =41.4 
c = re A = o.41 











e STEP 4 
Detennine rainfall intensities for a 100-year return period for duration of 
10, 20, 30, 40 and 50 min. and 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 9 and 10 hrs . for 
Lafayette, Indiana using Figure 2.19. 
t i(inches/hr) t i(inches/hr} 
10 minutes 7.50 3 hours 1.20 
20 " 5.55 4 " 1.00 
30 " 4.32 5 " 0.84 
40 " 3.60 6 " 0.72 
50 " 3.10 7 " 0.65 
1 hour 2. 72 8 " 0.59 
1.5 hours 2.20 9 " 0.53 
2 " 1.67 10 " 0.48 
e STEP 5 
Determine the inflow rate, I(td}, and required storage at each of the above 
durations . (See Figure 6.10) The peak required storage occurs at a 
40 minute duration and is found to be 5 . 58 acre-ft . 
G-23 
6-24 
· Example Problem #1 100 ProJect -~~~~~~~~~~ Detention Facility Design Return Period __ yrs. 
Designer_~c_B_B~~~~~--~ Release Rate Return Period ~~~~~~~3~yrs. 
Watershed Area 100 acres 
Time of Concentration (undeveloped watershed) 18 • 85 minutes 
Rainfall Intensity (iu) --~~~~~~~~~3_._1_8~~~ inches/hr 
Undeveloped Runoff Coefficient (CU) 0.15 
Undeveloped Runoff Rate (O = Cuiu1\J>~ ___ 4_7_._1_2_~- cfs 
o:41 Developed Runoff Coefficient (C0) 
Storm Rainfall Inf low outflow 
Duration Intensity Rate Rate 
td id I (td) 0 
<coia~> (Cuiul\J) 
.(hrs) (inches/hr) (cfs) (cfs) 
0.17 7.50 307.50 47. 72 
0.33 5.55 227.55 " 
0 . 50 4.32 177 .12 " 
0.67 3.60 147.60 " 
0.83 3.10 127.10 " 
1.0 2. 72 111. 52 " 
1.5 2.20 90 . 20 " 
1.67 68.47 " 2.0 
3.0 1.20 49.20 
ti 
4.0 1.00 41.00 
ti 
0.84 34.44 " 5.0 
6.0 0.72 29.52 " 
0.65 26.65 " 7 . 0 
0.59 24.19 " 8.0 
0.53 21. 73 " 9.0 











































* Since I(t )-0 < zero, there is no storage needed. 
d 
Figure 6.10 Detention Storage Calculations for Example Problem #1 









Example Problem #2 
Using the watershed described in Example Problem #1, calculate the required 
detention storage using the SCS curve number method outlined in Section II(b). 
Use the rational method to compute O and use curve numbers with AMC III and 
soil type B. (Use MSDGC return periods) 
e STEP 1 
From Example Problem #1: A 100 acres and the outflow, O, is 47.72 CFS. 
• STEP 2 







From Table 3.10: 
CN 
s 
• STEP 3 




7580 = 75.8 AMC II 
100 
89 for AMC III 
1000 - 10 = 1.23 
89 




ECN x A =7580 n n 
Use the rainfall intensities and durations from Example Problem #1. 
• STEP 4 
Determine the inflow volume, R(t), for each duration using the following: 
R(td) = 




P(td) + 0.8S P(td) + 0.8(1.23) 
Inf low volume = R(td) Ad 
e STEP 5 
Subtract the outflow volume, Otd, from the inflow volume, R{td)Ad, and convert 
to acre-ft. The computations are shown in Figure 6.11. The largest required 
storage i s found to be 12.18 acre-ft. This is 12.18 - 5.57 x 100 = 54.27% 
12.18 
larger than that predicted by the rational method. 
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Project __ E_x_am_p_l_e_P_r_o_b_l_e_m_#_2 __ 0etention Facility Design Return Period lOOyrs. 
Designer CBB Release Rate Return Period ------------
Watershed Area 100 acres ---------
On developed Runoff 4 7 . 7 cf s -------
curve Number (Developed) 89 






















Rainfall Rainfall CUmulative 
Intensity Amount Runoff 
ilOO P(td) R(td) 
(inches/hr) (inches) (inches) 
7.50 1.28 0.47 
5.55 1.83 0.89 
4.32 2.16 1.17 
3.60 2.41 1.38 
3 .10 2 .57 1.52 
2. 72 2. 72 1.65 
2.20 3.30 2.18 
1.67 3.34 2 .21 
1.20 3.60 2 .45 
1.00 4.00 2 .83 
0.84 4.20 3.02 
0.72 4.32 3.13 
0.65 4.55 3.35 
0.59 4. 72 3.51 
0.53 4.77 3.56 
0.48 4.80 3.59 
(P(td) - 0.2S)
2 
(P(td) + 0.8S) (inches) 




















358.56 477 .20 






















Figure 6.11 Detention Storage Calculations for Example Problem #2 







Example Problem #3 
For the 150 acre watershed described below, determine the required 
storage volume using the hydrograph method described in Section II(c). 
The inflow is to be based on a 100 year-1 hour storm and the outflow is 
to be restricted to a 5 year-1 hour storm. The soil type is c and use 
AMC II. (Use a triangular unit hydrograph) 
Undeveloped Developed 
75 acres Meadow (good condition) 50 acres Residential (1/2 acre 
45 acres Woods (good cover) 10 acres Gravel roads 
30 acres Pasture (good condition) 40 acres Parking lots 
lots) 
50 acres Lawns (fair condition) 
Travel Path of 5625 ft. over 
pasture with a 3% slope 
• Step 1. 
Travel Path of 3060 ft. over a paved 
area with a slope of 1% and 9000 ft. 
of 24 in. storm sewer with a slope 
-oF 3% (assume pipe is flowing full 
and n = 0.013) 
Determine a composite curve number for both states. 
Undeveloped Meadow (good condition) CN = 71 
Developed 
Woods (good cover) CN = 70 
Pasture (good condition) CN 74 








E [CNn x An] 




CN = 80 
CN = 89 
CN = 98 




75 x 71 = 5325 
45 x 70 = 3150 
30 x 74 2220 
= 71.3 
50 x 80 4000 
10 x 89 = 890 
40 x 98 = 3920 
50 x 79 = 3950 




• Step 2. 
Determine the time of concentration for both states. 
Undeveloped From Figure 3.9 with a slope of 3.0\ and pasture as the cover 
the velocity is found to be 1.25 ft/sec. The time of concen-
tration is computed by: 
Developed 
e Step 3. 
t c 
L 5625 
3600V = 3600(1.25) = 1 · 25 hrs. 
The time of concentration is the sum of the overland travel 
time and the channel travel time. 
The overland travel time is found using Figure 3.9 with a 
l\ and a paved area surface (sheet flow) V = 2.0 ft/sec. 
L 3060 
3600V = 3600(2.0) = 0 · 43 hrs. 
The channel travel time is computed by calculating the velocity 
from Mannings Formula (Equation 4.6) for full pipe flow. 
V = Q = 1.49 R2/3Sl/2 = 1.49 [~]2/3[0.03] 1/2 




(3600) (12.5) 0.2 hrs 
t 0.20 hrs + 0.43 hrs = 0.63 hrs c 
12.5 ft/sec 
Calculate 6D, Tp and~ (A= 150 acres= 0.234 mi2) 
Undeveloped 
Developed 
6D = (0.133)t 
c 






6~ + 0.6tc = 0 ; 17 + 0.6 (l.25) 0.84 hrs 
484 AQ 
T 
484 (O. 234) (1) 
0.84 134.83 cfs 
p 
(0.133) (0.63) = 0.08 hrs (5 minutes) 
0 ; 08 + 0.6(0.63) 










e Step 4. 
The coordinates of the triangular unit hydrographs are found by plotting 
Tp' qp and Tb as shown in Figure 6.12. The value of Tb = 2.67 TP 
• Step 5. 
Use a Huff median (50\ probability) first quartile distribution (Chapter 2) 
and calculate the cumulative rainfall at 10-minute intervals for the undeveloped 

































Percent of Total Storm Rainfall 
CUmulative Increment 
(10 min) (5 min) 
0 
11 11 
40 40 29 
63 23 
73 33 10 
82 9 
86 13 4 
89 3 
92 6 3 
95 3 
97 5 2 
99 2 
100 3 1 
Increment Rainfall (inches) 
Undeveloped Developed 













Use the curve numbers for both states and calculate the cumulative runoff at each 




s = 1000 10 = 4.03 inches 71.3 
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0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2 .4 2.6 2.8 
Time (hrs) 
Figure 6.12 Triangular Unit Hydrographs for Example Problem #3 
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Undeveloped 
Time Incremental Cumulative Cumulative Incremental 
(min) Rainfall(inches) Rainfall(inches) Runoff R(t) (inches) Runoff R(t) (inches) 
0 0 0 
0.69 0 
10 0.69 0 
0.57 0.05 
20 1.26 0.05 
0.22 0.05 
30 1.48 0.10 
0.10 0.02 
40 1.58 0.12 
0.09 0.03 
50 1.67 0.15 
0.06 0.02 
60 1. 73 0.17 
r 
- 0.2s) 2 - 0.81) 2 R(t) (P(t) (P(t) p (t) + 0.8S p (t) + 3.22 
r Developed 
Time Incremental Cumulative Cumulative Incremental 
(min) Rainfall(inches) Rainfall(inches) Runoff R(t) (inches) Runoff R(t) (inches) 
0 0 0 
r 0.30 0 
5 0.30 0 
0.79 0.22 ,.... 10 1.09 0.22 
0.63 0.38 
15 1. 72 0.60 
0.27 0.19 
20 1.99 0.79 
0.24 0.18 
25 2.23 0.97 
r- 0.11 0.09 
30 2.34 1.06 
0.08 0.06 
35 2.42 1.12 
0.08 0.07 
40 2.50 1.19 
0.08 0.06 
45 2.58 1.25 
0.05 0 .04 
so 2.63 1.29 
0.05 0 . 02 
55 2.68 1.33 
0.04 0.03 
60 2.72 1.36 
R(t) (P (t) - 0.35)
2 
P(t) + 1.40 
6-32 
•Step 7. 
Multiply the coordinates of the triangular unit hydrographs by each incremental 
runoff and compute the storm hydrograph by SUJm11ing up the individual hydrographs. 
The storm hydrographs and construction are shown in Figures 6.13 and 6.14. 
e Step 8. 
The peak flow for the undeveloped site is found to be about 19 cfs. This is the 
maximum flowrate for the outflow hydrograph. 
• Step 9. 
Assume that the outflow devices will regulate the flow such that a constant of 
19 cfs will be released. Calculate the volume between the hydrographs as shown 
in Figure 6.15. The calculations are shown in the figure. 
• Step 10. 
From Figure 6.15, the required storage is found to be 13.80 acre-ft. 
• Step 11. 
For a detention pond with a 400' x 400' bottom and 3:1 side slopes, the 
relationship between volume and pond depth can be determined as shown below: 
V = a[2(400 + Gd) ; (400 x 4001 
Solving by trial and error to find a depth which produces a volume of 
601,200 ft3 gives d = 7.5 ft. This gives the surface area of the pond 
as 445 ft. x 445 ft. 
,.... 
...., ___ Storm Hydrograph 




0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 
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0 .15 .30 .45 .60 
t Oz-Oo S=(Oz-Oo> 6t 
.20 0 0 
.30 50 18,000 
.45 135 72,900 
.60 215 116, 100 
.75 225 121 ,500 
.90 195 105,300 
1.05 155 83,700 
1.20 105 56,700 
1.35 40 21,600 
1.50 10 5,400 
1.60 0 0 
l: s = 601 ,200 ft3 
= 13.80 acre-ft 
.75 .90 1.051.20 1.351.501.651.80 1.952.10 2.25 
Time (hrs) 
Figure 6.15 Storage Determination for Example Problem #3 
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Example Problem #4 {After MSDGC) 
For the developed watershed shown in Figure 6.15, calculate the required 
storage on the rooftop, parking lot and retention/detention pond using the 
rational method and MSDGC criterea and size their respective outlet structures. 
The time of concentration for the undeveloped state is 27 minutes. Use West 
Lafayette, Indiana rainfall data {Figure 2. 20) • Use an orifice for the det- - ·· . ..:ion 
pond and a concrete pipe with a length of 100 ft. with a square edged entrance 
for the parking lot. Determine the size of the pipe for the roof drain using 
Table 6.1. 
Solution 
For a time of concentration of 27 minutes, the rainfall intensity for a 
3-year return period in West Lafayette, Indiana is 2.6 inches/hr . Therefore 
the allowable outflow rate is: 
o = ~ i 0 ~ = {0.15) {2.6) {650 x 650) 43 ,~60 3.78 cfs 
{Note: 0.15 is the maximum allowable runoff coefficient.) 
Calculate the developed runoff coefficient: 
Type of Cover Area 
Pavement = 150' x 150' + 200' x 650' = 152,500 ft2 = 3.50 acres 
Roofs = 300' x 200' 60,000 ft2 = 1.38 acres 
Pond = 100' x 50' = 5,000 ft 2 0.11 = acres 
Grass = 9 .7 acres - {3.50 + 1.38 + 0 .11) = 4.71 acres 
CA n n 
Impervious = (3 .50 + 1.38) x 0.95 = 4.64 
Pond 0.11 x 1.0 = 0.11 
Grass = 4. 71 x 0.25 = 1.18 re A 
re A 5.93 c nn 5.93 0.61 = = = --= n n D AT 9.7 
using the outflow rate and the developed runoff coefficient, the storage 
volume for the entire basin can be calculated using the rational method and 
Figur e 6 .2. From the calculations s hown in Figure 6.17, the maximum r equired 
s torage i s 1.15 acre-ft . This is the sum of the rooftop, parking lot and 
pond s t orage . This means that each facility must be designed separate l y s o 












1 .. , .. . 150 1 ., .. ·1· 
., t 0 ' Grass / 
' / Rooftop Drains ' I / 
~p; ,/ •. e~- Ci> ~o / In'1 ~t 
/ 
/ 1 ' // 1' ' ' 
~ -r 
\ \ Parking Lot 
Figure 6.16 





Hypothetical Watershed for Example Problem #4 
(After MSDGC) 
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100 1 _, 






Project Example Problem #4 Detention Facility Design Return Period lOOyrs. 
Designer~~-c_B_B~~~~~~~ Release Rate Return Period _______ 3__,yrs. 
Watershed Area 9.7 acres ___ ..;_; ___ _ 






Undeveloped Runoff Coefficient (C0 ) ~~-0~.1_5~--~-
Undeveloped Runoff Rate (0 = Cuiu~>~~-3~.7_8_~~-- cfs 




Storm Rainfall Inf low Outflow Storage Requir.ed 
Duration Intensity Rate Rate Rate Storage 
td id I(td) 0 
(Coicfn) C<;,itA,) I(td)-0 [I(td)-o]:~ 
(hrs) (inches/hr) (cfs) (cfs) (cfs) (acre-ft) 
0.17 7.50 44.38 3.78 40.60 0.58 
0.33 5 . 55 32.84 It 29.06 0 . 80 
o.so 4.32 25.56 It 21 .78 0.91 
0.67 3.60 21.30 
It 17. 52 0.98 
0.83 3.10 18.34 " 14. 56 1.01 
1.0 2 . 72 16.09 
It 12.31 1.03 
2.20 13.02 " 9 .24 1.15 .. Peak 1.5 
1.67 9 .88 " 6 .10 1.02 . 2.0 
1.20 7.10 " 3.32 0.83 3.0 
1.00 5.92 " 2.14 0. 71 4.0 
0.84 4.97 " 1.19 0.50 s.o 
0. 72 4.26 " 0.48 0.24 6.0 
7.0 0.65 3.85 " 0.07 0.04 
0.59 3.49 " * * 8.0 
0.53 3 .14 
It 
* * 9.0 
0.48 2.84 " * * 10.0 
* Since I (td) - 0 < zero,1 there is no storage needed. 
Figure 6 .17 Detention Storage Calculations for the Entire Basin 







Project Example Problem #4 Detention Facility Design Return PeriodlOO yrs. 
CBB 3 Designer __________ ~ Release Rate Return Period -------~yrs. 
Watershed Area 1.38 acres 
~------~ 
Time of Concentration (undeveloped watershed) minutes ----
Rainfall Intensity Ci0 ) --------------~ 
inches/hr 
Undeveloped Runoff Coefficient (C0 ) 
Undevel~ped Rupoff Rate (O = c
0
it!'u) ______ o_._5_o __ cfs 
Developed Runoff Coefficient (C0 ) 0.95 
Storm Rainfall Inflow OUtf low Storage Required 
Duration Intensity Rate Rate Rate Storage 
td id I(td) 0 
(C0 icfnl (C0 it/'u) I(td)-0 [I(td)-o]~~ 
(hrs) (inches/hr) (cfs) (cfs) (cfs) (acre-ft) 
0.17 7.50 9.83 1.28 8.55 0.12 
0.33 5.55 7.28 " 6.00 0.16 
0.50 4.32 5.66 " 4.38 0.18 
0.67 3.60 4. 72 " 3.44 0.19 
0.83 3.10 4.06 " 2.78 . 0.19 
1.0 2. 72 3.57 " 2.29 0.19 
1.5 2.20 2.88 " 1.60 0.20~Peak 
2.0 1.67 2.19 " 0.91 0.15 
3.0 1.20 1.57 " 0.29 0.07 
4.0 1.00 1.31 " 0.03 0.01 
5.0 0.84 1.10 " * * 
6.0 0.72 0.94 " * * 
7.0 0.65 0.85 " * * 
8.0 0.59 0.77 " * * 
9.0 0.53 0.69 " * * 
10.0 0.48 0.63 " * * 
-- - ----- - ~- -- - --* Since I(t ) - O < zero, there is no storage needed. 
d 
Figure 6 .18 Detention Storage Calculations for the Rooftop 
Using the Rational Method 
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storage is 1.15 acre-ft. 
The designer must decide how much runoff may be released from each 
facility. For this example, the rooftop will release 1.28 cfs, the pond 
2.0 cfs and the parking lot, 0.50 cfs. In many cases a trial and error 
procedure is necessary to insure that each facility does not exceed its 
maximum storage capacity. 
Roof top 
The total area of rooftop is 1.38 acres and the developed runoff 
coefficient is 0.95. Using this information, the storage can be computed 
as shown in Figure 6.18. The peak storage is found to be 0.20 acre-ft. 
This volume will be detained in the "cells" shown below in Figure 6.19. 
(Using the 10,000 ft2/drain criterea outlined in III(d)}. 
r- 100 1 _,__ 100' 100·~ 
1 
', } / ' l / ' ',, ) " ' / / ' / ' ' , , ' , ' / ' / ,__ 'o .,...,...r ......._. 0 ~ ........... 0 ~ 
IL',, 1 ' , ' / ' ' , t ',, , t ',,, ' , / ' / ' / 
' ! , ' i ,' ' l / ' , ' ' ' , " ' / ' / ' / ' ' / ' / ___. 0 ~ ...,..,, ... e ~ 0 4--/ , 
' 





Figure 6.19 Roof Drain Configuration 
1 The volume of each cell is V = - Ad or solving for d: 
3 
d = 3V 
A 
Since 
there are six "cells", the maximum depth required for each is: 
d = 3(0.20 acre-ft} 1.38 acres = 0.43 ft 
In summary, there are six drains needed. Each one 
[ 
l.28cfs] handle a five-inch head and release 0.21 cfs 6 or 
Table 6.1, it is found that a four-inch leader is needed. 
must be able to 





Project Example Problem #4 Detention Facility Design Return Period lOOyrs. 
Designer CBB Release Rate Return Period 
~---------~ 
Watershed Area 1.15 acres 
~------~ 
Time of Concentration (undeveloped watershed) minutes ----
inches/hr Rainfall Intensity (iu) 
--------------~ 
Undeveloped Runoff Coefficient (CU) 
Undeveloped Runoff Rate (O = Cuiu~> 
Developed Runoff Coefficient (C0 ) 
Storm Rainfall Inf low 
Duration Intensity Rate 
td id I(td) 
(CDidJ),) 
.(hrs) (inches/hr) (cfs) 
0.17 7.50 4.92 
0.33 5.55 3.64 
0.50 4.32 2.83 
0.67 3.60 2.36 
0.83 3.10 2.03 



































1.5 2.20 1.44 " 0.94 0.12..-Peak 
2.0 1.67 1.09 " 0.59 0.10 
" 3.0 1.20 0.79 " 0.29 0.07 
4.0 1.00 0.66 " 0.16 0 . 05 
5.0 0.84 0.55 .. 0.05 0.02 
6.0 0. 72 0.47 .. * * 
7.0 0.65 0.43 .. * * 
8 .0 0.59 0.39 " * * 
9.0 0.53 0.35 .. * * 
10.0 0.48 0.31 " * * 
-·· - -· * Since I(ta> - 0 < zero, there is no storage needed. 
. Figure 6 . 20 Detention Storage Calculations for the Parking Lot 
Using the Rational Method 
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Parking Lot 
The total area which contributes to the parking lot inlet is 1.15 acres. 
The developed runoff coefficient is found below: 
Type of Cover Area 
Pavement= 150' x 150' = 0.52 acres 
Grass = 100' x 200' + 150' x 50' = 0.63 acres 
re A n n 0.65 = = 0.57 
CA 
n n 
(0.52) (0.95) = 0.49 
(0.63) (0.25) = 0.16 
re A = o.65 n n 
With the allowable release of 0.50 cfs, the storage can be calculated as 
shown in Figure 6.20 where the peak storage is found to be 0.12 acre-ft. The 
figure below shows the parking lot layout. The depth in the parking lot is: 
d = 3V = 3(0.12 acre-ft) = 0 _70 ft A 0.52 acre 
' / ' / ' / d_ ' / ' / ' / /0, ' / ' / ' 3' D / ' / ' j_ / ' / ' 
Figure 6.21 Drainage for Parking Lot Segment 
If a 3-foot deep inlet is used, the total head to the centerline of the pipe 
D is (0.70 + 3.0 - 2>· The required pipe size is determined using Equation 6.10 
and an iterative process: (take n = 0.013) 
h r/2 wD2 [ 3.7 - ~ r/2 0.50 = A [K + K = 2.87(0.013) 2100 2. 87n2L 4 1.43 e o 
2g + 04/3 64.4 + 04/3 








The total area of the basin which contributes to the pond is 7.17 acres . 
The runoff coefficient calculations are shown below: 
Type of Cover Area C A n n 
6-43 
Parking Lot (200' x 650') 
Pond {100' x 50') 
=2.98 acres {0.95) {2.98)=2.83 
=0.11 acres (1.00) (O.ll)=0.11 
Grass (100' x 200')+(250' x 650')-0.ll acres=4.08 acres (0.25) (4.08)=1.02 
EC A =3.96 
n n 
EC A 
C = __ n_n_ 
D AT 
3. 96 55 
7.17 = o. 
Using the undeveloped runoff coefficient and an outflow rate of 2 cfs, the 
storage volumes can be calculated as shown in Figure 6.22. The required storage 
volume is 0.83 acre-ft. 3 Since the permanent area is 5,000 ft , the volume may 
be determined using a minimum 3:1 slope. 
If a depth of 4.75 feet is used, the outside perimeter of the pond will be 
78.5 x 128.5 and the volume will be 0.83 acre-ft as shown below: 
v ~ [(100 + 6(4.75)) x (5~ + 6(4.75)) + (100) (50)] 4.75 0.83 acre-ft. 
Conclusion: 
Stora9:e Release Rate 
Pond 0.83 acre-ft 2.00 cfs 
Rooftop = 0.20 acre-ft 1.28 cfs 
Parking Lot = 0.12 acre-ft 0.50 cfs 
1.15 3.78 
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Project Example Problem #4 100 ----------~Detention Facility Design Return Period __ yrs. 
Designer __ c_B_B _______ ~ Release Rate Return Period _______ 3__,yrs. 
Watershed Area 7.17 acres ----.,..-----
Time of Concentration (undeveloped watershed) minutes ----
inches/hr Rainfall Intensity (iu) 
--------------~ 
Undeveloped Runoff Coefficient (CU) 
Undevel~ped Rupoff Rate (O = c0i0~) 
Developed Runoff Coefficient (C0) 
Storm Rainfall Inflow 
Duration Intensity Rate 
td id I (td) 
(CDid~) 
(hrs) (inches/hr) (cfs) 
0.17 7.50 29.58 
0.33 5.55 21.89 
0.50 4.32 17.04 
0.67 3 .60 14.20 
0.83 3.10 12.22 
1.0 2. 72 10.73 
1. 5 2 .20 8.68 
2.0 1.67 6.59 
3.0 1.20 4.73 
4.0 1.00 3. 94 
5.0 0.84 3.31 
6.0 o. 72 2.84 
7.0 0.65 2.56 
8.0 0 . 59 2.33 
9 . 0 0.53 2 .09 


















































0 . 63 
0.68 
0.71 
0 . 73 










* Since I(t ) - O < zero, there i s no s t or age needed. d . 
Fi gur e 6.22 Detention Storage Calculations f or the De tention Pond 
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Chapter 7 - STORM SEWER SYSTEM DESIGN 
I - INTRODUCTION 
The design of a storm sewer system utilizes all the material contained 
in the previous five chapters. The rainfall data presented in Chapter 2 is 
used with the runoff prediction methods in Chapter 3 to size the pipes or 
channels using Manning's Equation (Chapter 4). When inlets and gutters are 
to be included in the design or when storage facilities are mandated or 
desired, Chapters 5 and 6 may be used. Each of the above mentioned are 
essential components of the system and must be carefully considered. 
This chapter will present an outline of the interactive components and 
will reference other parts of the manual for information pertaining to each 
component. Methods which are conunonly employed for the design of storm 
7-1 
sewers and the basic principles of culvert design are presented. Design 
criteria applicable for the state of Indiana will be outlined and the various 
materials used for storm sewers and culverts will be listed. Example problems 
at the end of the chapter will illustrate applications. 
II - METHODS EMPLOYED IN THE SIZING OF STORM SEWERS 
II(a) General 
In Chapter 3, methods by which the quantity of precipitation which becomes 
stormwater runoff can be computed, were presented. Recalling, the rational 
method, Soil Conservation Service curve Number Method and synthetic hydrograph 
methods were all discussed. Since the curve number method computes only a 
volume and the hydrographs require a considerable amount of computation, they 
are not usually employed in complex storm sewer designs unless computer programs 
are available. Consequently, the rational method, by virtue of its simplicity 
and ease of application, is the most frequently used method throughout the 
world (UNESCO, 1979) . 
However, because of the shortcomings of the rational method and the rapid 
development and availability of electronic computers, programs have been develop-
ed which incorporate, invarying detail, hydraulic-hydrologic principles in an 
attempt to better simulate the rainfall-runoff process. This section will dis-
cuss the rational method as employed in storm sewer design and one of several 
available computer programs for storm sewer design. 
7-2 
II{b) Sizing Storm Sewers with the Rational Method 
The theory and assumptions of the rational method were discussed in 
Chapter 3 {Section II). The method is very easily extended for the design 
of a storm sewer system and for this reason is widely used. 
As presented in Chapter 3, the rational formula is written as: 
Q = CiA (7.1) 
where Q = peak discharge {cubic feet per second-cfs) 
c = ratio of peak runoff rate to average rainfall 
rate over the time of concentration 
i rainfall intensity {inches/hr) 
A = area of watershed under consideration {Acres) 
The principal idea of the rational method is that the peak rate of 
surface runoff, Q, from a subbasin is proportional to the subbasin area, A, 
and the average rainfall intensity, i, over a period of time just sufficient 
for all parts of the subbasin to contribute to the outflow {time of concen-
tration). The runoff coefficient, C, is supposed to reflect all those 
characteristics of the watershed such as imperviousness and antecedent 
moisture condition, which affect the runoff rate. 
Runoff coefficients for rural areas may be found in Table 3.1 and urban 
areas in Table 3.2. The time of concentration can be found using either 
Table 3.3 or an appropriate estimate. For a design return period, the rainfall 
intensity can be found using Figures 2.15-2.18 with the storm duration equal to 
the time of concentration. 
When applied to a watershed with many subbasins, the formula is used to 
size each sewer pipe separately, considering all the upstream areas contribu-
ting to that pipe. Figure 7.1 has been presented to aid in the computations; 
Table 7.2 explains the headings for each column. 
Example Problems #1 and #2 will illustrate the use of the rational 
method for storm sewer design using Figure 7.1. 
II{c) Computer Programs for Storm Sewer Design 
With the rapid development of electronic computers, computations that 
once took many man-hours to complete are r educe d to a few seconds of computer 
time. Consequently, it is now feasible to investigate the performance of 
alternate designs and the eff ect of varying design parame t ers . 
Table 7.1 Components in Storm Sewer Design 
[
Listing of various components comprising a storm sewer system alongl 
with chapter and section where each is treated in this Manual. j 
Pipes 
(a) Material, types 
(b) Sizing 
(c) Design criteria 
(d) Roughness coefficients 
culverts 
(a) Materials, types 
(b) Sizing 
(c) Design criteria 
(d) Roughness coefficients 
curbs and Gutters 
(a) Flow in Gutters 
{b) Gutter Inlets 
{c) CUrb Inlets 
{d) Combined Inlets 
Storage Facilities 
(a) Retention Pond 
(b) Detention Pond 
{c) Parking Lot Storage 
{d) Rooftop Storage 
Chapter 7, Section V 
Chapter 7, Section II 
Chapter 7, Section IV 
Chapter 4, Table 4.2 
Chapter 7, Section V 
Chapter 7, Section III 
Chapter 7, Section IV 
Chapter 4, Table 4.2 
Chapter 5, Section II 
Chapter 5, Section III{b) 
Chapter 5, Section III{c) 
Chapter 5, Section III{d) 
Chapter 6, Section III(a) 
Chapter 6, Section III(b) 
Chapter 6, Section III(c) 
Chapter 6, Section III{d) 
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STORM SEWER DESIGN SHEET - RATIONAL METHOD 
PROJECT DATE----- SHEET -- OF ----
ENGINEER DESIGN STORM MANNINGS "------
i • ;II Pipe Pipe Travel Rim Rim lnvwt 
t; tcum ~"~~·~ a 
!. .. 1 Slope Cepecity Velocity Time Elevetion Elevetlon Elevetlon Al CIAJ T..AjCj (mini (mini ~I u (Ft/Seel ICFSI g! (%1 (CFSI (mini UpstrNm DownstrNm UpstrHm (Acnsl 
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Column 1 















Column 18 & 19 -
Column 20 & 21 -
Column 22 & 23 -
-1 1 l l , 
Table 7.2 Stonn Sewer Design Sheet - Rational Method 
Explanation of Column Headings - Figure 7.1 
identification number of the particular reach. 
1 
identification numbers of the upstream and downstream structures. 
length of the reach under consideration. 
·1 l 
runoff coefficient of the subbasin. This may be a weighted composite based on the 
type of cover in the subbasin. 
area of the subbasin entering the upstream structure. 
product of the runoff coefficient and the subbasin area. 
sum of the runoff coefficients and area products contributing to the pipe under 
consideration. 
inlet time for the subbasin under consideration (time of concentration) • 
1 
maximum of inlet time and total travel time for the water from the most distant subbasin 
to contribute (the longest travel time when all are considered) • 
rainfall intensity for the storm design frequency and storm duration equal to the time 
of concentration (Column 10) • 
peak flow rate for the reach under consideration, Q = i E CA. 
selected pipe diameter. 
pipe slope between structures. This may be the slope of the ground or may be the slope 
necessary to achieve minimum velocity. 
full flow capacity of the pipe with the diameter selected in Column 13 and slope in 
Column 14, determined using Manning's Equation. 
full pipe velocity found by V = Q/A. 
travel time in the reach found by t = L/60V. 
rim (ground) elevations of the upstream and downstream structures, respectively. 
invert elevations of the pipe at the upstream and downstream structures found by subtract-
ing the fall of the sewer from the upstream invert. 
pipe cover for the upstream and downstream pipes. Found by subtracting the top of the 
















One very popular and useful computer program for storm sewer design is 
the Illinois Urban Drainage Area Simulator (ILLUDAS) (Terstriep and Stall, 
1974). This program allows for the design of up to 999 pipes or channels given 
the lengths and slopes of each reach. It requires no more data than that needed 
for the rational method but it enables the designer to investigate the effects 
of variations of storm frequency, duration, antecedent moisture condition and 
the temporal distribution of the rainfall with relative ease. In addition, the 
sizing of storage facilities is easily accomplished. 
This program which incorporates the basic principles of hydraulics and 
hydrology may be obtained along with the Users Manual from the Illinois State 
Water Survey, Urbana, Illinois (Bulletin #58) for a nominal cost. 
III - HYDRAULICS OF CULVERTS 
culverts are special types of pipes employed in the conveyance of storm-
water runoff because of the many types of flow which may occur. Th~ flow is 
dependent upon the inlet geometry, slope, size, roughness and approach or tail-
water conditions. In order to properly determine the quantity of flow which 
will be conveyed, all of the above need to be considered. 
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The various types of culvert flow which may be encountered are shown in 
Figure 7.2. If the outlet is submerged or if the outlet is not submerged but 
the headwater is high and the barrel is long, the culvert will flow full as 
shown in Types 1 and 2. A culvert which has the characteristics of Type 2 is 
termed "hydraulically-long". On the other ha'.nd, a culvert which is not long 
enough for flow to develop is called "hydraulically-short" and is categorized 
as Type 3. The culvert size, slope, entrance geometry and headwater and tail-
water conditions determine whether a culvert is "hydraulically-long" or "-short". 
Charts are available to roughly distinguish between the two types. (Chow, 1959) 
If the outlet and inlet are not submerged, and the tailwater is deeper than 
the critical depth (see Chapter rv, Section II(b)) the flow in the culvert is sub-
critical as shown in Figure 7.2 as Type 4. Two types of possible flow conditions 
exist when the tailwater depth is less than critical depth. The first type 
occurs when the depth of flow in the culvert is greater than the critical depth. 
For this condition the culvert is said to have "outlet-control", while a pi pe depth 
less than critical depth will have supercritical flow and is under "inlet-control". 
These two conditions are shown as Types 5 and 6 in Figure 7.2. Table 7.3 summa-




(1) Outlet. submerged 
H > d 
Y• > d 
! - t///////////f///~///////mUj 
Full flow 
__L d ~ 
-w/////l/17.1#/////7///////l////~ 
(2) Outlet. unsubmerged 
H > H• 
Yr< d 
Full flow 
(3) Outlet unsubmerged 
H > H• 
Y• < d 
l'artly full 
(4) Outlet un!:'ubmerged 
H < H• 
Yr> Y< 
Suberitieal flow 
(5) Outlet. unsubmergcd 
H < H• 
Y• < Y• 
Subcritical flow 
Control al out.let 
((i) Outlet unsubmerged 
H < H• 
Y• < 11• 
Supercritical 8ow 














Table 7.3 Summary of Culvert Flow (After Chow, 1959) 




A. outlet Submerged full pipe flow, dependent 
B. Outlet Not Submerged 
1. Headwater greater than critical value 
(a) Culvert hydraulically long 
(b) Culvert hydraulically short 
2. Headwater less than critical value 
(a) Tailwater higher than 
critical depth 
(b) Tailwater lower than 
critical depth 
( i) subcritical slope 
(ii) supercritical slope 
upon inlet geometry, etc. 1 
full pipe flow 









The sizing procedure which is commonly employed is a method outlined in 
"Hydraulic Charts for the Selection of Highway Culverts" (Hydraulic Engineering 
Circular No. 5 and "Capacity Charts for the Design of Highway Culverts" 
(Hydraulic Engineering Circular No. 10), both by the Federal Highway Adminis-
tration. The appropriate chart is dictated by the parameters of roughness, 
slope, headwater depth, tailwater depth, length and either inlet or outlet 
control. Rather than presenting the numerous charts in this manual, the reader 
is referred to the above circulars for the computation of culvert capacities. 
IV - CRITERIA FOR STORM SEWER DESIGN 
This section will outline some criteria for the design of storm sewers. 
1. Return Period: The minimum return period which should be used is 5 - 10 
years for urban storm sewer systems. When there is a greater possibility 
of property damage, larger frequencies should be used. For roadways, 
the Indiana Department of Highways recommends the following return periods 
for culvert cross-drains and any type of facility in an underpass or 










2. Minimum Pipe Size: In order to insure that the pipe will not become 
clogged with debris, the minimum pipe size should be 12 inches. However, 
the diameter of a single lead from a catch basin or inlet conveying small 
runoff rates may be 10 inches. 
3. Minimum Velocity: To insure that solids are not deposited in the invert 
of the sewer, the minimum pipe velocity should be 3.0 feet/second. Table 7.4 
presents the minimum required slopes to achieve this velocity based on 
Manning's Equation for roughness coefficients of 0.013, 0.014 and 0.015. 
Table 7.4 Minimum Pipe Slopes Necessary to Insure a 3 ft/sec Velocity 
Percent Slope (ft/ft x 100) 
Pipe Diameter n = 0.013 n = 0.014 n = 0.015 
10 0.555 0.643 0.739 
12 0.435 0.505 0.579 
15 0.323 0.375 0.430 
18 0.253 0.294 0.337 
21 0.206 0.239 0.275 
24 0.173 0.200 0.230 
27 0.148 0.171 0.196 
30 0.128 0.149 0.171 
36 0.101 0.117 0.134 
42 0.082 0.095 0.109 
48 0.069 0.079 0.091 
54 0.059 0.068 0.078 
60 0.051 0.059 0.068 
66 0.045 0.052 0.060 
72 0.040 0.046 0.053 




4. Maximum Spacing of Manholes: Manholes should be placed whenever there 
is a junction or a change in grade or direction. A catch basin or inlet 
may be used instead of a manhole if it has sufficient size. The maximwn 
spacing is usually between 300-400 ft. for smaller diameter pipe, but 
the distance may be as much as 500 ft. when the pipe diameter is large 
enough for a workman to enter. 
5. Pipe Elevation Changes in Structures: Whenever a pipe or pipes which 
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enter a structure (manhole, catchbasin or inlet) have a different diameter 
than the outlet pipe, there must be a grade change between inverts. Comnon-
ly, the top elevation of the pipes are matched. other rules dictate the 
matching of the hydraulic grade line or the 0.8D points of all pipes. 
6. Minimum Depth of Storm Sewers: The top of the storm sewer should have a 
depth of cover which will protect it from live or dead loads which may be 
placed on it. Normally, the minimum depth should be 3 feet. Sometimes, 
however, a grade conflict between other sewers or water distribution 
systems may occur requiring the depth to be less than 3 feet. In this 
case extra strength pipe or special trench backfill procedures must be 
employed. The reader is referred to "Design Manual - Concrete Pipe" 
(Concrete Pipe Association of Indiana, INC., 1974) or Modern Sewer Design, 
(American Iron and Steel Institute, 1980) for information regarding pipe 
loadings. 
7. Minor and Major Systems: The design of a storm sewer system should include 
an investigation of the impact of a high-frequency storm (i.e. 100 years) 
on the minor and major system. The minor system is comprised of the storm 
sewers, inlets, catchbasins etc. The major system includes the portion of 
the watershed which will become operative once the capacity of the minor 
system is exceeded. This includes the streets or other depressed areas 
which will act as open channels and convey the excess stormwater runoff 
to a natural watercourse or storage facility. If the resulting depth in 
these areas poses a danger to life or property, the capacity of the minor 
system should be increased. 
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V - MATERIALS USED FOR STORM SEWERS 
This section briefly reviews some commonly used pipe materials for 
storm sewer systems. Table 7.5 lists the pipe materials comnonly used 
for storm sewers and the sizes in which they are conunercially available. 
The selection of one type over another is based on considerations of the 
durability of materials, installation cost and structural requirements. 




Extra Strength Reinforced Concrete 
Reinforced Concrete Sewer 
Corrugated Steel 
Cast Iron 
Vitrified Clay CUlvert 
Concrete Draintile (Standard) 
Clay Draintile (Extra Quality) 
Heavy Duty Reinforced Concrete 
Corrugated Aluminum Alloy 
PIPE DIAMETERS - Inches 
4, 6, 8, 10, 12, 15, 18, 21, 
& 24 inches 
12, 15, 18, 21, 24, 27, 30, 33, 
36, 42, 48, 54, 60, 66, 72, 78, 
84, 90, 96, 102, & 108 inches 
12 I 15 I 18 I 21, 24 I 27 I 30 I 33 I 
36 I 42 I 48 I 54 I 60 I 66 t 72 I 78 I 
& 84 inches 
12, 15, 18, 21, 24, 27, 30, 33, 
36, 42, 48, 54, 60, 66, 72, 78, 
84, 90, & 96 inches 
6, 8, 10, 12, 15, 18, 21, 24, 
30, 36, 42, 48, 54, 60, 72, 
& 84 inches 
12, 14, 16, 18, 20, 24, 30, 36, 
42, & 48 inches 
4, 6, 8, 10, 12, 15, 18, 21, 24, 
27, 30, 33, & 36 inches 
4, 5, 6, 8, 10, & 12 inches 
4, 5, 6, 8, 10, 12, 15, 16, 18, 
20, 21, 24, & 30 inches 
12 I 15, 18, 21, 24 I 27 I 30 I 33 I 
36, 42, 48, 54, 60, 66, & 72 inches 
6, 8, 10, 12, 15, 18, 21, 24, 30, 








VI - EXAMPLE PROBLEMS 
Example Problem #1 
De t ermine the required pipe sizes for the hypothetical watershe d s hown 
in Figure 7.3 and the peak flowrate out of the watershed using the rational 
method and the design criteria presented in Section V of this chapter. The 
time of concentration, runoff coefficient and area are given for each sub-
basin. Also, the ground elevations at each structure and the distances between 
structure s are also shown. Assume the watershed is locate d near Lafaye tte, 
Indiana. Use Equation 3.3 to calculate rainfall intensities and match the tops 























Ske t ch of Hypothetica l Wat e r shed for Example #1 
(All e l evations are Mean Sea Leve l - MSL) 
~ 
A2 • 5 .o Acr~s Cz • 0.4S 
t, • 2S •tn. 
Nor To ScALE 
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The calculations are shown in Figure 7.4. The peak flowrate from the 
entire watershed is found to be 22.23 cfs. An explanation of each column 
and entry value for line number 3 is listed in Table 7.3. 
It should be pointed out that the depths could have been lessened if 
the pipe had a larger diameter necessitating a smaller slope. There is 
always a trade-off between increased pipe costs with the larger diameter 
and the decrease in excavation costs or vice versa. This is where some 
economic analysis comes into play. A summary of new methods to evaluate these 
costs was reported by Han, Rao and Houk (1980). 
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~j E..I Ti : .2 Length 
CJ ·- E !: c: c: c (Ft} _, :I ;. :f A :i 2 ::> 
1 2 3 4 5 
l 1 2 400 0.40 
2 2 3 350 0.45 
~3 3 5 ...,.~ 0.45 
5 5 out -- 0.75 
+-4 4 3 400 0 .40 
STORM SEWER DESIGN SHEET- RATIONAL METHOD 
PROJECT Example Problem #1 DATE 3-1-81 SHEET 1 OF 1 
ENGINEER C. B. Burke DESIGN STORM 10 Years MANNINGS n 0 .013 
I i ~ .... Pipe Pipe Trevel Rim Rim Invert 
tj tcum ~n~~e~ 
!. ~ • Velocity Time Elev•tion Elevation Al ~AjCJ a Iii ~ "fi Slope Capacity Elevation Cl Al (Ft/Sec) (min) (min) (CFS) " c (%) (CFS) (min) Upstream Downstream Upstream 
(Acresl o= 
6 7 8 9 10 . 11 12 13 14 15 16 17 18 19 20 
2.0 0.80 0.80 15 15.0 4.44 3.6 12 1.0 3.6 4.54 1.47 700.00 696 .oo 696 . 00 
5.0 2.25 3.05 25 125.0 3 . 37 10.2 21 0 . 5 11.2 4.67 1.25 696.00 695.00 691. 25 
4.lJl T:mY 6 . 05 20 26.2 3 .28 19.8 21 2 . 0 22.5 9.33 0. 13 695.00 693.00 689_~5_Q 
1.0 0.75 6.80 10 ~3 3 ,27 1222 -- -- -- -- -- 693 . 00 -- 688,QQ_ 
3.0 1.20 1.20 15 15.0 4.44 5 .3 18 0. 5 7.4 4.21 1.58 696.25 695.00 691.75 
Figure 7.4 Storm Sewer Design Sheet -
Rational Method 
ExamEle Problem #1 
L 
Invert ... E 






·- 0 .. ~8~ Downstream A. t) ~ _! ::> 
21 22 23 
692.00 3. 0 3 . 0 
689 .50 3. 0 3.8 
688 00 Li 8 LL.3_ 
-- Ls_ .Jl --
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Table 7.3 Storm Sewer Design Sheet - Rational Method 
Example Problem #1 - Explanation of Entries 
Explanation - Comments 
Line Number 
Upstream Manhole (From Fig. 7.3) 
Downstream Manhole (From Fig. 7.3) 




Runoff Coefficient for subbasin #3 
Area (acres) of subbasin #3 
(From Fig. 7. 3) 





Produce of Area and Runoff Coefficient for subbasin #3 (4.0 x 4.5) 
") 1 1 
EC.A. 
J J 
Sum of all Area-Runoff Coefficient products contributing to line #3 (1.80 + 3.05 + 1.20 
Note: the 1.20 is from line #4. 
t. 
J 
Inlet time (minutes) for subbasin #3 (From Fig. 7.3) 
6 .05) 
t cum The longest Travel Time (minutes) to upstream structure #3. This is the larger of two times: (a) The subbasin Inlet Time (20 minutes) 
(b) The time of all upstream areas to contribute (25 + 1.25 minutes) 
i Rainfall intensity (inches/hour) for Lafayette, Indiana for a ten-year return period and a 
storm duration equal to t cum 
Q Peak Flow (cfs) into line #3, found by Q = iEC.A. .. J J 
Pipe Diameter (inches) selected to convey Q 
Pipe Slope (pct) at which the pipe selected above is placed. 
Full Pipe Capacity (cfs) of the pipe with the selected diameter and slope determined by Manning's 
Equation. (This must be greater than or equal to the peak flowrate, Q) 
Velocity of flow (ft/sec) in pipe (Q/A = V) 
Travel Time (minutes) for the water to flow from Structure 3 to Structure 5. 
Rim Elevation Upstream (From Figure 7.3) 
Rim Elevation Downstream (From Figure 7.3) 
Invert Elevation Upstream (From Line #2) - matching crowns 
Invert Elevation Downstream 689.5 - (75 x 0.02) 
Pipe Cover Upstream 695.0 - 689.5 - 1.75 





Example Problem #2 
This problem involves the design of the storm sewer system for Fair 
Oaks Estates, using the rational method. This subdivision, investigated 
by Burke and Gray (1979) is described below. 
Fair Oaks Estates is a subdivision which is currently (1980) being 
constructed in Carol Stream, Illinois, a suburb west of Chicago. The soil 
is classified as Type B and the topography is basically flat. The total 
area of the subdivision, which includes 30 lots and is 28% impervious, is 
13.4 acres. The plat of subdivision is shown in Figure 7.5 and the planned 
drainage system is shown in Figure 7.6. Inlets are located in the low spots 
and at the corners of intersections. The drainage subbasins which contribute 
to the inlets are also delineated in Figure 7.6. The storm sewer discharges 
into a detention pond located in the northeast corner. 
The design requirements are: 
1. The storm sewer must pass a ten-year storm, based on the intensity-
duration-frequency curve for Chicago, Illinois. (See Chapter 2) 
2. The top of the pipe must have 3.5 ft. cover. 
3. The full-pipe velocity must be greater than 2 ft/sec and less than 
12 ft/sec. 
4. The minimum pipe diameter is 12 inches. 
5. The pipe is commercial reinforced concrete pipe with a Mannings n 
of 0.013. 
6. The outfall pipe invert must be at or above 756.00 ft MSL. 
7. When the pipe size changes at a structure, the top of the pipes 
shall be matched. 
8. Subbasin inlet times shall be assumed. 
From the plan drawings and topographic map, the ground elevations and 
pipe lengths were determined. The rational method was used to determine the 
required pipe diameters and slopes. The calculations are shown in Figure 7.7. 





The schematic of the drainage system designed with the rational method 
is shown in Figure 7.8. The peak flow is found to be 16.90 cfs and the time 
of concentration for the basin is 27.78 min. The minimum pipe is 12 inches 
and the maximum diameter is 21 inches. The minimum pipe cover is 3.5 feet 
and the maximum is 4.74 feet. Velocities fall in the range of 2.04 ft/sec 
to 6.68 ft/sec. 
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STORM SEWER DESIGN SHEET- RATIONAL METHOD 
PROJECT Fair Oaks Estates DATE 3-1-81 SHEET _l_ OF 1 




j I ~ .J! T .! i ~ 'i Pipe Pipe Trevel Rim * Rim * Invert* Invert* i ~ t 11 .5. E ~ ~ f ~ Length c A c A LA C· 'J. 'cum inches a .§. I Slope Capeclty Velocity Time Elevetlon Elevetion Elevetion Elevation 1 ~ ~ ~ ! 
..1 :s Tl .!i i ~ (Ft) I l I I l I (mm) (min) ~ hr ~ (CFS) lit .!! ~ 1%1 (CFS) I Ft/Seel (min) Upstreem DownstrHm UpstrHm Downstreem V j '311 
L-z ::>01: ~... . IA~••l c~ :::> _i5 
0 ... .,,-,"J.,. 3. 4 5 6 ' 7 8 9 10 . 11 12 13 14 15 16 17 18 19 20 21 22 23 
~ 21. 20 22 0.28 0.6 0.180.18 20 20 . 0 4.00 0.7 12 0.002 1.60 2.03 0.18 73.93 73.96 69.43 69.39 3 s ;3.6 
2 20 19 1324 - - - 0.18 - 20.2 3.99 0.7 12 0.024 s.ss 7.06 0.76 73.96 66.14 69.39 61.61 '3.6 3.S 
3119118 I 76 I0.4_4l_O-:-s1o.23j0.4ll20 120 .9 13.94 IL6l12 10.010 I 3.62 14 .62 I 0 .211 66.14 I 6S.88 I 61.61 . 160.83 l3.S l4.o 
41 18 I 17 1290 I - I - I - I0.931 - 121.213.92 13.61 lS 10.oos I 4.93 14.02 I 1.201 6S.88 I 64.30 I 60.S8 I S8.90 14. 014.1 
s 1 17 I 16 ll9S I - I - I -=-T3.64I - 121.113.50 p.9121 10.006 1u.oo 15.41 I o.6o l 64.30 I 63.59 I S8.65 I 51.10 T4-.TJ4 . 7 
6 I 1611s I 3o I - I - I - 14.871 - 121.113.47 ~6.9121 10.ou 116.90 11.02 I 0.011 63.s9 !outfall I s1.10 56,7S 14, 0l --j 
~I 14 I ~~lf~ ., 0.32 2S 2S.O 3.66 3.33 4.24 0.11 68.27 68.27 
8r-n--l1 • 20 2s.1 3.66 4 s..38 4.38 o .44 68.27 67.23 63.2 
~
- 11 26 - - - - 1.991 - 2S.S l S 0.016 8. 19 6.68 0.06 67.23 66 .82 62.48 62.06 3.5 3.S 
1 10 00 0.25 0.17 2.16 20 7 . 82 4.42 1.13 66 . 82 6S.8S 61.81 3.S 4 .1 
0 9 76 . 2 4 .1 3. 5 
12 9 3. 4 . 1 
13 8 7 32 0.32 1.31 0.420.42 20 20.0 4.00 1.6 12 0.002 1.71 2.18 0.2S 6S.48 65.48 60.98 60.91 3.5 3.5 ·-r-'T4 7 18 23 o.47 0.22 0.100. 2 20 20.2 3.98 2.0 12 0.003 2.11 2.69 0.14 65.48 6 5.88 60.91 60.83 3.5 4.o 
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Figure 7 .7 Storm Sewer Design Sheet -
Rational Method 
Example Problem #2 
} 
*Add 700 ft. to all elevations. 
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Table 7.4 Storm Sewer Design Sheet - Rational Method 
Example Problem #2 - Explanation of Entries 

















Runoff Coefficient for subbasin. This is a weighted composite based on the type of 
cover in the subbasin. 
Area (acres) of subbasin under consideration 
Product of Area and Runoff Coefficient for subbasin (0.44 x .53 = 0.23) 
Sum of all Area-Runoff Coefficient products contributing to line #3 (0.18 + 0.23 = 0.41) 
Time of Concentration (minutes) for subbasin. (Assumed to be 20 min.) 
The longest Travel Time (minutes) from the most distant basin to contribute 
(20 + 0.18 + 0.76 = 20.94 min.) 
Rainfall Intensity (inches/hour) for Chicago, Illinois for a ten-year return period and 
storm duration of 20.94 min. (3.94 inches/hour) 
Peak Flow (cfs) into line #3, found by Q = iEC.A., Q = 3.94 (0.41) = 1.61 cfs. 
J J 
13 12 Pipe Diameter (inches) selected to convey Q 
14 0.010 Pipe Slope at which the pipe selected above is placed. 
1 
15 3.62 Full Pipe Capacity (cfs) of the pipe with the selected diameter and slope determined by Manning's 
Equation. (This must be greater than or equal to the peak flowrate, Q) 














Travel Time (minutes) for the water to flow from Structure 19 to Structure 18. (t 
Rim Elevation Upstream 
L/60V 0.27 min.) 
3.53 
4.05 
Rim Elevation Downstream 
Invert Elevation Upstream 
Invert Elevation Downstream 
Pipe Cover Upstream (Rim elev. - Top of Pipe elev.) 
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Figure 7.8 Layout of Storm Sewer System 
Designed by Rational Method 
Example Problem #3 
FAIR OAKS ESTATES 
o- MANHOLE •-MANHOLE W/ GP.ATE 
0 - INLET 
,.?""STRUCTURE• 
~GROUND ELE. 
~ INVERT ELE . 
PIPE /OIAMETEll 
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Table 7.6 Results of the Rational Method of Sewer System Design 
for Fair Oaks Estates Using a Ten-Year Return Period 
Length Drainage Qr* D s v Qp* 
{ft) Area c (CFS) {inches) (%) {ft/sec) (CFS) (acres) 
221 0.63 0.28 0. 71 12 0.2 2.03 1.60 
324 - - 0. 71 12 2.40 7.06 5.55 
76 0.53 0.44 1.61 12 1.03 4.62 3.62 
32 1 . 31 0.22 1.68 12 0.23 2 .18 1. 71 
23 0.22 0.47 2.07 12 0.35 2.69 2 .11 
290 - - 3.65 12 0.58 4.02 4. 93 
28 - - 3.33 12 0.87 4.24 3.33 
115 0.63 0.49 4.46 15 0.69 4.38 5.38 
28 1.54 0.33 2.04 12 0.33 2 .61 2.05 
144 0.48 0.54 3.06 12 1.97 6.38 5 .01 
26 - - 7.22 15 l.60 6.68 8 .19 
300 0 .70 0.25 7.82 18 0.55 4.42 7.82 
76 0.43 0.25 8.04 18 1.40 4.55 12.46 
56 0.39 0.39 0.61 12 0.20 2.03 1.60 
52 0.88 0.38 9.69 18 0.85 5.49 0.72 
195 - - 12. 91 21 0.67 5.41 13 .oo 
45 0.79 0.45 1.40 12 0.20 2.03 1.60 
44 1 . 55 0.37 3.65 12 1.04 4.64 3.65 
25 0.52 0.50 4.67 12 1 . 71 5.95 4.67 
























* Qr = Runoff from rational method 
1 








Chapter 7 - REFERENCES 
1. American Concrete Pipe Association, Design Manual, American ConcrG -~ 
Pipe Association, Arlington, Virginia 1974. 
2. American Iron and Steel Institute, Modern Sewer Design, 
Washington, D.C., 1980. 
3. American Society of Civil Engineers, "Design and Construction of 
Sanitary and Storm Sewers", Manuals and Reports on Engineering 
Practice, No. 37, (WPCF Manual of Practice"No. - 9), American Society 
of Civil Engineers, 1976. 
4. Burke, C. B. and Gray, D. D., "A Comparative Application of 
Several Methods for the Design of Storm Sewers", Technical Report 
No. 118, Purdue University Water Resources Research Center, 
August 1979. 
5. Chow, V. T., Open-Channel Hydraulics, McGraw-Hill, New York, 1959. 
6. Federal Highway Administration, "Capacity Charts for the Hydraulic 
Design of Culverts", Hydraulic Engineering Circular No. 10, U.S. 
Government Printing Office, Washington D.C., 1965. 
7. Federal Highway Administration, "Hydraulic Charts for the Selection 
of Highway Culverts", Hydraulic Engineering Circular No. 5, U.S. 
Government Printing Office, Washington D.C., 1965. 
8. Han, J., Rao, A.R., and Houk, M. H., "Least Cost Design of Urban 
Drainage Systems", Technical Report No. 138, Purdue University 
Water Resources Research Center, September, 1980. 
9. Indiana State Highway Conunission, Road Design Manual, 
Volume I, 1971. 
10. Terstriep, M. L., and Stall, J. B., "The Illinois Urban Drainage 
Area Simulator, ILLUDAS", Bulletin 58, Illinois State Water Survey, 
Urbana, Illinois, 1974. 
11. UNESCO (United Nations Educational, Scientific and Cultural 
Organization), "Research on Urban Hydrology", Volumes I and II, 












COUNTY STORM DRAINAGE MANUAL . 
Appendix A 







Appendix A - STATISTICAL ANALYSIS 
page 
I - INTRODUCTION . . . . . . . . . . . . A-1 
I(a) General Concepts . . . . A-1 
II - STATISTICAL PARAMETERS . . . A-1 
II (a) The Mean . . . . . . . . . . . . A-1 
II (b) Standard Deviation . . . . . . . . . A-2 
III - PROBABILITY CONCEPTS • . . . • • • • • • • . • . • • A-2 
IV - PROBABILITY DISTRIBUTIONS 
IV(a) Gumbels Extreme Value Distribution • 
• A-6 
• •• A-6 
.•• A-7 IV(b) Log Pearson Type III Distribution 
REFERENCES • • • • • • • . • • . • • • • • • . . • . A-9 
A-x 
( This page left BLANK ) 
r 
Appendix A - STATISTICAL ANALYSIS 
I - INTRODUCTION 
This appendix is presented as a sunnnary of the probabilistic and 
statistical principles used in the analysis of hydrological data. The 
general concepts are presented and the mode of application outlined. The 
reader is referred to the references at the end of the Chapter for addition-
al information. 
I(a) General Concepts 
In the statistical analysis of a process, the process is termed 
'continuous' if it can assume any value between the limits of that process 
or 'discrete' if the process is confined to specified, incremental values. 
Examples of a continuous process are rainfall, storm runoff and river flows. 
An example of a discrete process is the number of times a batter in baseball 
reaches base safely. 
In the study of hydrology we are normally concerned with average and 
extreme values and their variability. This information is utilized in the 
design of dams, spillways, storm sewers, etc. 
II - STATISTICAL PARAMETERS 
II(a) The Mean 
The mean is generally the average of a set. It is a measure of the 
central tendency of a distribution. This is illustrated in Figure A.l, 
where the areas to the right and left of line A-A are equal. A curve such 
as that shown in Figure A.l is a continuous probability distribution 
function. For discrete samples, the mean is given by: 
The 
1 n x = r x. n i=l i 
log mean is written as: 
n 








II(b) Standard Deviation 
The standard deviation of a sample is indicative of the scatter or 
the average distance about the mean. These deviations are calculated as 
Cx1-x), Cx2-x) ... (xn-~). The average distance is the standard deviation 
which is written as: 
or s' = [n:l L (log xi - log x»]l/2 (A.3) 
The skewness indicates the weighting of the distribution to either side 









The skewness is zero for synunetrical distributions, less than zero for right 
skewness and greater than zero for left skewness. 
III - PROBABILITY CONCEPTS 
The probability of a single event, E1 , is defined as the relative number 
of occurrences of the event after a sufficiently large number of trials. 
Therefore, the probability of event E1 , P(E1), is given as m1/n for m1 
occurrences of event E1 inn trials, if n is sufficiently large. The value 
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Table A.l presents the yearly data for the annual peak flow in the 
Wabash River at Lafayette, Indiana for a period of 56 years. This data 
represents a continuous process but for convenience it can be discretized 
in groups of 10,000 cfs intervals. 
Plotting the occurrences in each 10,000 cfs intervals gives the histo-
gram shown in Figure A.2. In the selection of an interval, it is best to 
choose the smallest one possible. In fact, if the increment is infinitesi-
mal and the record continuous, the bar graph would become a smooth curve 
similar to Figure A.l. 
From Figure A.2, it can be concluded that on the average, the frequency 
of an annual peak flow with a magnitude between 30,000 and 40,000 cfs is 15 
times in 56 years, where 15 is previously mentioned as m1 . 
If the number of occurrences of this event was divided by the sample 
size of 56, the relative frequency of the occurrence of that event class 
would be determined. The relative frequency for flows with a magnitude 
between 30,000 and 40,000 cfs is therefore 15/56 or 0.27. But since the 
number of samples is small, it is only an estimate of the true probability. 
If the frequencies of each one of the intervals in Figure A.2 are 
cumulatively summed up and graphed, the curve shown in Figure A.3 is found. 
This curve is a cumulative distribution function (CDF) and shows the pro-
portion of annual peak flows which are equal to or less than a given flow. 
For instance, the proportion of flows which were observed to have a magni-
tude less than or equal to 60,000 cfs is 0.65. 
The probability of an event occurring can b~ said to equal the relative 
frequency and since the probability of an event certain to occur is one and 
an impossible event has probability zero, we can express the probability of 
E1 as falling in the range: 
0 < P(E )< 1 - 1- (A.5) 
It is observed from Figure A.3 that the sum of the probability estimates 









Table A.l Annual Peak Flows for the Wabash River 
at Lafayette, Indiana - 1924-1979 
Year Peak Discharge Year Peak Discharge 
ft 3/sec ft3/sec _, 
1924 59,800 1952 41,900 
1925 63,300 1953 35,000 
1926 57,700 1954 16,500 
1927 64,000 1955 35,300 
1928 63,500 1956 30,000 
1929 38,000 1957 52,000 
1930 74,600 1958 97,000 
1931 13,100 1959 87,600 
1932 37,600 1960 38,100 
1933 67,500 1961 54,700 
1934 21,700 1962 ~5,000 
1935 37,000 1963 60,000 
1936 93,500 1964 57,600 
1937 58,500 1965 36,000 
1938 63,300 1966 64,100 
1939 74,400 1967 65,300 
1940 34,200 1968 67 ,100 
1941 14,600 1969 64,900 
1942 44,200 1970 41,700 
1943 131,000 1971 30,000 
1944 73,300 1972 38,500 
1945 46,600 1973 39,500 
1946 39,400 1974 48,800 
1947 41,200 1975 34,700 
1948 41,300 1976 43,400 
1949 62,000 1977 31,400 
1950 90,000 1978 49,500 









The probability of an event not occurring P(E1 ) plus the probability of 
that event occurring P(E1) is one. This can be written as: 
As an example, take the probability estimate of a flood greater than 60,000 
cfs. In this case it would be 1 - 0.65 or 0.35. 
The information presented in the last two sections provides the manual 
user with a basic understanding of the statistical and probability techniques 
used in hydrology. 
It should be pointed out that probability eestimate used in this section 
was given as m/n, where m was the number of occurrences of an event and n was 
the total number of observations. In later sections the plotting procedures 
utilize the expression P = m/(n + 1) or T = (n + l)/m. The reason for the r 
(n + 1) term rather than n is beyond the scope of this manual. For now, it 
can be thought of as a correction to compensate for limited sample data so 













~ g 4 
2 
0 
10 20 30 40 so 60 70 80 90 100 110 120 130 140 
Flows x 1000 Ccfs) 
Figure A.2 Histogram of the Annual Maximum Flows of the 
Wabash River at Lafayette, Indiana (1924 - 1979) 
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Figure A. 3 CUmulative Distribution of Maximum Annual Flows of 
the Wabash River at Lafayette, Indiana (1924 - 1979) 
IV - PROBABILITY DISTRIBUTIONS 
This section presents two distributions which are used to describe the 
distribution of hydrological phenomenon . Only the basics of each distribu-
tion are presented. If more detail is desired, the user is r eferred to 
standard texts on the subject or references at the end of this Appendix. 
IV(a) Gumbel' s Extreme Value Distribution 
The Gumbel distribution has been used successfully to represent minimum 
or maximum values of a given sample. The distribution is asymmetrical like 
the one shown in Figure A.l with a log-normal distribution and constant 
skewness of 1.1396. The probability for an event being less than or equal 











and is written as: 
P (X < x) == F (x) == exp [ -exp (-a (x-u)]] (A. 8) 
where a and u are functions of the mean and standard deviation. (X is the 
given magnitude, xis the event.) 
The expression -a(x-u) can be estimated by: 
b -a(x-u) = (x - x + O. 45 s) 0.78 s (A. 9) 
As an example, consider the data shown in Table A.l. The mean for this 
data was 52,000 cfs and the standard deviation is 21,700 cfs. Therefore, for 
a flood of 60,000 cfs, b = (60,000-52,000 + 0.45(21,700))/(0.78 x 21,700)==1.05. 
Therefore, F(X) for a 60,000 cfs flood is exp [-exp (-1.05)] = 0.70. This 
checks closely with the observed value of 0.65 shown in Figure A.3. The 
probability of the event being exceeded is 1-0.70 or 0.30. The return period 
is then given as 1/0.30 or 3.33 years. 
A simplified method for estimating the magnitude of a flood using the 
Gumbel distribution for a given return period and sample size was presented 
by Chow, based on Equation A.10. 
x == x + ks (A.10) 
In Equation A.10, k is a frequency factor which may be found by Equation A.11 
for a very large sample size distribution, or Table 2.2 for a sample size up 
to 100. 
(A.11) 
Example Problem #2 in Chapter 2 demonstrates the use of Equation A.10 along 
with the procedures used in the plotting of the Gumbel distribution. 
IV(b) Log Pearson Type III Distribution 
This distribution is the usually recommended standard method for analyzing 
hydrologic data (Water Resources Council, 1967). The distribution is skewed 
and the data is transformed by X = log x to reduce the skewness. The mean, 
standard deviation, and skewness of this transformed data is then used to fit 
the distribution. The formula used for the distribution is somewhat involved 
and will not be presented here. 
A-7 
A-8 
The simplified method used in the analysis is to use the following 
equation. 
log x = log x +k's' (A.12) 
In Equation A.12, s' corresponds to the logaritlunic transformed values 
of s, and term k' is a frequency factor which is a function of the skewnP- , 
coefficient and return period. Table 2.3 presents these factors as a function 
of return period. Examples and other discussion of the distribution is found 
in Chapters 2 and 3. The graphical approach to the analysis is identical to 
the Gumbel distribution except a different plotting paper (Figure 2.25) is used. 
V - RISK 
In Section III it was shown that the frequency P(E) represents an average 
value. Using a flood as an example, we observe a flood magnitude associated 
with P(E) = 0.25 has on the average a 25 percent chance each year of being 
exceeded or equaled. It also implies that the flood would occur on the average 
once in 4 years [o.~5 ] • This is called the return period Tr. 
We can determine the probability that the flood will not occur in any year 
by: 
P (E) = 1 - P (E) = 1 - 1 
T r 
(A .13) 
It follows that the probability that E will not occur for n successive years is: 
•• Pn (E°) = P(E°)n = [ 1 - ;Jn (A.14) 
The risk of an event is the probability that the event will occur at least 
once in n years. As presented by Viessman, the risk J is equal to: 
J = 1 - [ 1 - ;r ] n = 1 - [ p (E°) ] n (A.15) 
Table 2.4 presents a tabular solution of Equation A.15 for various levels of 
risk and the expected design life of the structure. For a structure with a 
design life of 30 years and accepted risk of 10%, the structure should be 
designed with a return period of 
0.10 = 1 - [ 1 !r) 30 
0.90 1/30 1 = 1 - -
T r 
250 years as determined below. 
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Appendix B - FUNDAMENTALS OF HYDRAULICS 
I - INTRODUCTION 
This appendix will present the fundamental principles of hydraulics 
and the basic concepts behind flow in pipes and open channels. These will 
hopefully augment the material presented elsewhere in the manual. 
II - CONSERVATION OF MASS 
For steady flow (flow which does not vary with time), the principle 
of conservation of mass states that the flow of mass into a control volume 
must equal the flow of mass out of control volume for a given increment of 
time. This may be written between any two points within the control volume 
as: 
where subscripts 1 and 2 denote two sections in the flow. 
m = mass flow rate (slugs/sec) 
p fluid density (slugs/ft3) 
V = average velocity across the section (ft/sec) 
A area normal to the section (ft2 ) 
(B .1) 
For fluids such as water which are incompressible , the density r emains 
a constant (P1 = P2). Thus, the continuity equation is obtained. 
(B. 2) 
where 
Q volumetric flowrate (ft3/s) (cfs) 
III - PRESSURE 







hydrostatic pressure (lbs/ft2) 
specific weight of the fluid (lbs/ft3) 
h vertical distance from the fluid surface (ft) 




Figure B.l Graphical Representation of Pressure Variation with Depth 
The pressure determined by Equation B.3 and shown in Figure B.l, is 
termed gage pressure. Gage pressure is pressure taken from a reference 
scale with atmospheric pressure as zero. When the pressure is measured 
with respect to a perfect vacuum, it is called absolute pressure. Figure 
B.2 shows the difference between the two pressure reference planes when 
the pressure is expressed in pounds per square inch (psi) • Gage pressure 
is denoted as psig and absolute as psia. 
Gage Pressure Absolute Pressure 
20 psig 
0 psig Normal Atmospheric Pressure 14.7 psia 
~~~~~~~--=-~~~~~~~~~-
-14.7 psig Perfect Vacuum 0 psi a 
Figure B.2 Gage and Absolute Pressure 
IV - ENERGY 
The three types of energy which moving fluids may possess are: kinetic, 
potential and pressure. These are represented by the following relationships. 
v2 
• Kine tic Energy/weight = (ft-lbs/lbs) or (ft) 2g 
where g = acceleration due to gravity (32.2 ft/sec2) 
• Potential Energy/weight = Z (ft-lbs/lb) or ft) 
whe r e z = elevation above some arbitrary datum 







The energy of a fluid flowing across two sections (1 and 2) in a fluid 
continuum can be equated by writing the energy equation. 
v 2 p 2 2 p2 vl 1 1 
zl + HA + - h (B.4) --+ --+ HR --+ -+ z2 2g y L 2g y 
where 
HA = mechanical energy head (ft) added to the fluid system between 
points 1 and 2 (i.e. pump) 
mechanical energy head (ft) removed from the fluid system 
between points 1 and 2 (i.e. turbine) 
hL = head loss (ft) due to pipe friction (hf) and obstructions such 
as valves, bends, etc. (minor losses, hm) (hL = hf + hm) 
between points 1 and 2. 
The energy grade line (EGL) can be drawn graphically to represent the 
energy loss or gain along a pipe or channel. This is shown in Figure B.3 
along with the hydraulic grade line (HGL), which is the sum of the pressure 
head and potential energy head [ ~ + Z] . 
horizontal 
v 2 l EGL 
j 
hf 1 
2g -- v 2 ., 









Figure B.3 Graphical Representation of Energy Grade Line 
and Hydraulic Grade Line for Pipe Flow 
B-4 
V - FLOW IN PIPES UNDER PRESSURE 
Pipe flow problems can usually be solved using the continuity and 
energy equation along with some method to evaluate the hf term. There 
are basically two methods by which hf may be determined: the Darcy-
Weisbach and Hazen-Williams equations. 
Darcy-Weisbach Equation 
This equation is very general and may be applied to any fluid. It 
is written as: 
where 
L v2 
hf = f D 2g 
L = length of pipe (ft) 
D pipe diameter (ft) 
f friction factor 
(B.Sa) 
The friction factor, f, may be found using the Moody Diagram (Figure B.4) 
by calculating the Reynolds Nwnber, R , and the relative roughness, €/D , e 
where 
E = the equivalent roughness (ft) given in Table B.l 
D 
R = e 
pipe diameter (ft) and 
VD 
\) 
2 v = kinematic viscosity of the fluid (ft /sec) (values for 
water are given in Table B.2) 
The friction factor is determined by entering the graph along the €/D curve 
and moving left along the curve until the curve intersects a vertical line 
for the given R (from bottom axis). Read the left vertical axis to deter-
e 
mine the friction factor. 
The Da~cy-Weisbach Equation can be rewritten to find the diameter and 
flowrate as presented in Equations B.Sb and B.Sc. 
D " [ 
8 L Q2 f /S • f 
1T2 g hf 
(B.Sb) 
[ , 2 
o S g h ., 1/ 2 
Q f J 
8 L f 
(B. Sc) 




1. ·· ;.; 
(1J °iy 
-, ., -, ,  ., 
VALVES OF (c•d) FOR WATER AT 60' F (VELOCITY IN FT./SEC. X DIAMETER I N INCHES) 
0 I 0' oc 0 1 0 11 6 • 10 '° •a 50 10 100 '°° 000 600 100 ,.f ,_.f ,f .. f .,f ,o.f 
O. l 11 TI T 1 ITTT Till :I m II 
TT :r TI.If . TURBULENT z NE 
.09 JI CRITICAL l"TTIH JJJIIIII I 
08 1-:: LAMINARf"ZONE TRANSITION l__llUJJJJ_.,. __ j_ 
. [<i F-zoNE'"' to ZONE c·oMPLETE TURBULENCE, ROUGH PIPES 
m ~ 
.06 ~ \ 
.04 
. ~ 




04 \\ ~ -. I- I- •f lo.. -,...., 
I- 1-'i:._r r:-. ......., T IS: ,01 
,...;\ ......... "N-o .008 
-. ~~ li 006 
~~ "" . . Relative 
.025 H-t+I 11111 I I I I 111 1 11111 I I I I 111 1 I 1111 E 
·" ,. R - --·· 
II: .002 = n 






~ r--, I:t 
~~ ?:::t: •,,;, ~ 
oo,,. ~ 





• l,o 1~ r I --
-- ~- ,.. l'-- t;.,.. . .0002 
r"':t:: f'..... l'-t- ' 
~ t--;... 1'" .0001 
~ S:: .00005 
.01 I" 2:'o b 
T" ~ D ~ ~ 
008 ~ .OOOJl 
. 10' 2 3 4 5 6 8 10' 2 3 4 5 6 8 10· 2 3 4 5 6 8 10' 2 3 4 5 6 ij 10' ,. 2 "1 3 4 5 6 8 10 
H. - Reynolds Number = 1 >,. P 
µ, 
Figure B.4 Moody Diagram (Crane , 1969) 
~ =. ,OCH ~ = .000.005 






Another approach in estimating f is to use the explicit formula 
developed by Swamee and Jain (1976). 
f 1.325 
[ln [ 3~ 70 + 5. 74 ] J 2 R 0.9 
e 
valid for 10-6 £ < 10-2 < --D 
5000 < R < 108 - e 
Table B.l Equivalent Roughness 
Pipe Material £ [feet] 
Riveted steel, few rivets 
Riveted steel , many rivets 
Concrete, finished surface 
Concrete, rough surface 
Wood-stave, smooth surface 
Wood-stave, rough surface 
Cast iron, new 
Galvanized iron, new 
Asphalted cast iron, new 
Commercial steel, new 
Wrought iron, new 
Drawn Tubing, new 
0 . 003 
0.030 
0.001 










(glass, brass, copper, lead) (essentially "smooth") 
Table B. 2 Values of Kinematic Viscosity for Water 
Temp. OF Kinematic Viscosity 2 (ft /sec) 
40 1.67 -5 x 10_5 
50 1.40 x 10_5 
60 1.21 x 10_5 
70 1.05 x 10_6 
80 9.15 x 10_6 
90 8.39 x 10_6 







V(b) Hazen-Williams Equation 
This equation is only applicable for water at normal temperatures and 
for pipes with a diameter greater than 2 inches and a velocity less than 10 
feet per second. The various forms of the equation are given below: 
hf = 10.6 (~d/C)l.85 L/(O) 4 .87 (B. 7a) 
hf = 4.73 (Q /C) 1.85 L/(O) 4 .87 (B. 7b) cfs 
Qcfs 0.432 c o
2 •63 (hf/L)0.54 (B. 7c) 
~gd = 0.279 c o2 •63 (h /L)0.54 f (B. 7d) 
where subscripts cf s and mgd denote flow in cubic feet per second and 
million gallons per day, respecti,vely. 
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C = coefficient which is dependent upon surface roughness (see Table B.3) 
V(c) Minor Losses 
Minor losses are losses due to fittings, obstructions, expansions or 
contractions. The most convenient method of quantifying these losses is the 
equivalent length technique. This technique expresses the minor loss in 
terms of an equivalent length of pipe which would have the same loss. This 
is expressed as: 






where L is the equivalent length of pipe. e 
(B. 8) 
Table B.4 contains a list of equivalent lengths expressed as L /0. e 
Knowing the diameter of the minor loss, the equivalent corresponding length 
can be found. 
V(d) Flow in a Series Pipe System 
For a pipe system which is in series, the discharge in each pipe is 
identical (assuming no inflow or outflow). Therefore, the total energy loss 
in the system is the sum of the head loss in each pipe. 
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Table B.3 Values of C for the Hazen-Williams Equation 
Type of Pipe Condition c 
New All Sizes 130 
I an Over S years old 8" 119 12" d 120 
4" 118 
24" and Over 113 
10 years old 12" 111 
4" 107 
24" and Over 100 
20 years old 12" 96 
4" 89 
Cast Iron 30" and Over 90 
30 years old 16" 87 
4" 7S 
30" and Over 83 
40 years old 16" 80 
I 4" 64 40" and Over 77 
SO years old 24" 74 
4" SS 
Welded Steel Values of C the same as for 
cast iron pipes, s years older 
Riveted Steel Values of C the same as for 
cast iron pipes, 10 years older 
Wood Stave Average value, regardless of age 120 
Concrete or Large sizes, good workmanship, steel forms 140 
Concrete-lined Large sizes, good workmanship, wooden forms 120 
Centrifugally spun 13S 
Vitrified In good condition 110 
New High-Density 
Polyethylene Pipe lSS 
New PVC pipe lSO 






Table B.4 Representative Equivalent Length in Pipe Diamet e rs (L/D) 
Of Various Valves and Fittings 
B-9 
Description of Product 
'
Equivalent Length 




Stem Perpendic- With no obstruction in Aat. bevel. or plug type seat 
ular to Run With wing or pin guided di!OC 
(No obstruction in Aat , bevel. or plug type 5eat) 
Y-Pattem - With stem 60 degrees from run of pipe line 





Fully open 175 
Fully open 145 




or Plug Disc 
Fully open 13 
Three-quarters open 35 
One-half open 160 
Gate 
Valves 
One-quarter open 900 
Fully open 17 
Pulp Stock Three-quarters open SO 
One-half open 260 
One-quarter open 
Conduit Pipe Line Gate, Ball, and Plug Valves Fully open 
I 
Conve~tional Swing- 0 5 t ... Fully open 
Ch k Clearway Swing 0 . 5 t .... Fully open 
V :c 
1 
Globe Lift or Stop; Stem Perpendicular to Run or Y-Pattern 2.0t ... Fully open 
aves Angle Lift or Stop 2.0t .. Fully open 
. In-Line Ball _ 2.5 vertical and 0.25 horizontal t ... Fully open 
Foot Valves with Strainer With poppet lift-t ype di~ O.Jt ···Fully open 
With leather-hinged di5e 0.4t . .. Fully open 
Butterfly Valves (8-inch and larger) Fully open 
I 
Straight-Through J Rectangular plug port area equal to 100"~ of pipe area Fully open 
Cocks Three-Way I Rectangular plug port area equal to Flow straight through 
80o/c of pipe area (fully open) Flow through branch 
90 Degree Standard Elbow 
45 Degree Standard Elbow 
90 Degree Long Radius Elbow 
90 Degree Street Elbow 
Fittings! 45 Degree Street Elbow 
Square Comer Elbow 
Standard Tee I With Aow through run 
With Aow through branch 





Same as Globe 

















Flow of Fluids Through Valves, Fittings and Pipe, Technical Paper 410, 
The Cr ane Company, 1969 . 
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This type of problem is solved by calculating the flow and headloss 
in each pipe and summing all the losses. 
V(e) Flow in a Parallel Pipe System 
For a parallel pipe system, the headloss in each pipe is the same and 
the total flow is equal to the sum of the flow through the individual pipe~ . 
= 
= 
This type of problem is solved by knowing the total flowrate and assuming a 
distribution of flow in the various pipes . Then the headloss is calculated 
for each pipe . If the losses are not equal, the flows are adjusted until 
they converge . 
VI - FLOW IN OPEN CHANNELS 
VI(a) General 
An open channel is a conveyance in which the liquid stream is not 
completely enclosed by solid boundaries, thus the stream has a free surface 
s ubjecte d only to atmospheric pressure . Since the pressure is zero (gage 
pressure ) at the surface, the energy available to cause fluid flow is due 
to change in elevation from one section to another in the channel . There-
fore , the driving force for the flow is that component of the liquid weight 
which is along the slope of the channel. This driving force is resisted by 
a shearing force transmitted from the boundaries to the liquid. 
VI(b) Geometric Properties of Open Channels 
In order to properly evaluate the flow in open channels, certain 
geometric properties need to be defined. These properties which are 






A = the cross-sectional water area (ft
2) 
p = the wetted perimeter (ft) (the length of the cross-section 
boundary which is in contact with the fluid) 
R = the hydraulic radius (ft) (R = A/P) 
T = the top-width (ft) (the distance across the free surface 
of the cross section) 
D = the hydraulic depth (ft) (D = A/T) 
VI(c) Flow Calculations for Open Channels 
For steady, uniform flow (flow in which the flowrate and water depth 
do not change from one section to another) of water the Manning Equation is 
used to calculate the flowrate or velocity. It may be written as: 
Q = 1.49 A R2/3 Sl/2 (B. 9 ) n 
where n = roughness coeffici ent (given in Table 4.2). 
Equation B. 9 can be manipulated so that any of the unknown values can be 
found using known values. 
Sometimes it is useful to separate the elements of Equation B.9 which 
depend upon the channel geometry from those which are normally known. This 
is accomplished by using the section factor A R213 • 
A R2/3 = 
1.49 s112 
Q • n 
(B.10) 
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Therefore by using a trial and error procedure , the required channel dimensions 
can be determined. 
VI(d) Weir Flow 
A sharp-crested weir is an obstruction placed in an open channel so that 
the fluid backs up and falls through a notch in the weir face. There are many 
types of weirs that can be used. The general relationship for a rectangular 
weir is given by: 
Q = CL tt312 (B.11) 
where C discharge coefficient 
L = width of notch (ft) 
H = depth upstream of weir (ft) 
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(C, which depends on the type and shape of the weir, may be found in 
various books on fluid mechanics or from weir manufacturers or by 
direct calibration.) 
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Appendix C - REGULATORY AGENCIES FOR DRAINAGE PROJECTS 
I - Introduction 
The purpose of this appendix is to provide the designer with a general 
list of regulatory agencies, Federal, State and local, which are corranonly 
involved in drainage projects. This list is not necessarily exhaustive, but 
is presented to give a general overview of the primary regulatory agencies 
that may have jurisdiction over a proposed drainage project. 
II - Local Regulatory Agencies 
The designer should specifically check with each Local Regulatory Agency 
to determine if there are any local drainage ordinances that will affect the 
design requirement of the proposed storm drainage project. 
County Drainage Board: Each county in Indiana has a County Drainage Board 
which has the primary responsibility for the construction, reconstruction and 
maintenance of all legal drains, with the exception of areas where the Board 
has relinquished the responsibility to sanitary districts, conservancy dis-
tricts, towns or cities or any legal entity responsible for flood control and 
drainage (IC 19-4-1-1 thru 19-4-1-5). 
County Surveyor: Each county in Indiana has a County Surveyor who has the 
responsibility of investigating, evaluating and surveying all legal drains. 
The County Surveyor also has the duty of preparing reports, plans and pro-
files required for proposed land drainage improvements. In addition he is 
responsible for the removal of any obstructions from legal drains and repair-
ing any damage, and permitting private drains to be connected to the legal 
drain (IC 19-4-1-9, 19-4-1-10). 
City or Town Engineer: Cities or towns may employ an engineer or contract 
with a consulting firm to review and approve all proposed plans and documents 
for drainage projects. For large cities this responsibility may also be 
shared in part with the Board of Public Works. 
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Conservancy District: A conservancy district may be established for flood 
control or prevention, or improving drainage {IC 13-3-3-2). The district 
will have the authority to approve all plans and documents for a proposed 
drainage project. 
III - State Regulatory Agencies 
Whenever a drainage project encompasses or crosses land owned by the 
state, the department which has jurisdiction over that land has to be noti-
fied for approval; i.e., State Highway Department, State Park Service, etc. 
The following is a list of some state agencies that have some direct control 
over drainage projects. 
Department of Natural Resources: The state of Indiana has created the 
Natural Resources Commission {NRC) to develop a policy of protecting water 
resources and preventing or limiting of floods and flood damage. The 
commission is authorized and empowered to represent and act for and in 
behalf of the state of Indiana, subject to the approval of the governor, 
in all matters of flood control and water resources of the state, with any 
state or Federal agency; to cooperate with, obtain, approve and/or accept 
any flood control works from and through the Corps of Engineers of the 
United States Army; and to cooperate with and obtain, approve and/or accept 
any works or grant of any character or description from and through any 
agency of the United States relating to flood control and water resources 
and to administer the funds in connection therewith {IC 13-2-22-12). 
Permission must be obtained from the NRC anytime a structure, deposit 
or obstruction is placed in a floodway {IC 13-2-22-13). 
Stream Pollution Control Board: If the connection of a private drain could 
cause or add to pollution of the receiving stream, written approval must be 
obtained from the Stream Pollution Control Board and filed with the County 
Drainage Board {IC 19-4-6-7). 
IV - Federal Agencies 
While there are many Federal agencies which may have input to proposed 






Corps of Engineers: The Corps will participate in urban flood-damage-
reduction projects if certain criteria are met. Essentially, the drainage 
area must be greater than 1.5 square miles, or the flood discharge for a 
ten-year storm must be greater than 800 cfs. There are certain exceptions 
to these guidelines which are outlined in Regulation No. 1165-2-21. If 
these criteria are not met, all improvements are considered part of the 
storm sewer system and are the responsibility of local authorities (Regu-
lation ER 1165-2-21). 
There are three district offices which have jurisdiction in Indiana 
depending on location. The addresses for these are given below: 
Chicago District 
219 S. Dearborn St. 
Chicago, Illinois 60604 
phone (312) 353-6436 
Detroit District 
P.O. Box 1027 
Detroit, Michigan 48231 
phone (313) 226-6813 
Louisville District 
P.O. Box 59 
Louisville, Kentucky 40201 
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